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SECTION I. INTRODUCTION

Collisions of orbital debris with spacecraft are most likely to occur with impact

velocities near 11 km/s. Current test capabilities with particles having diameters of several

millimeters or more and conditions of known shape, mass, and state are limited to impact

velocities of about 7.5 km/s. The ability to verify the behavior and response of spacecraft

shield systems intended to provide protection from the impact of orbital debris fragments

traveling at velocities near 11 km/s is necessary to validate the ballistic limit curves used to

guide the design of the shield systems.

A number of launchers and launch techniques have been developed and used to

accelerate gram-sized projectiles to velocities greater than 10 km/s. These launchers and

launch techniques employ one of three principles of operation: (1) single-stage

acceleration; (2) augmented acceleration; and (3) counter-fire. A brief review of selected

examples of each type of launcher is given in the next paragraph. In single-stage

acceleration, the projectile is launched to its final velocity in one cycle of acceleration.

Because the time available for acceleration of the projectile is usually very short, the

launch loads are extreme and can be damaging to the projectile. In augmented

acceleration launchers, the velocity of the projectile is increased during one or more

additional cycles of acceleration, allowing the peak launch loads to be somewhat less than

that required for a single-stage acceleration to the same velocity. In the counter-fire

launch technique, two guns are fired simultaneously with the projectiles colliding in the

region between the guns. Counter-ftre launch techniques actually duplicate the impact

process that occurs in space. However, the size of the targets that can be used with this

technique is limited and intact recovery of the targets is difficult. Following is a brief

review of each of the three types of launch techniques that have been developed or used to

accelerate projectiles to very high velocities. Several examples of each launch technique

are provided.

The Space Research Institute at McGill University constructed a three-stage, light-

gas gun [1] during the 1960's. This three-stage gun was used to accelerate 12.7-ram-

diameter Lexan disks with masses of 1.5 grams (9.6 mm thick) and 1.1 grams (6.4 mm



thick) to velocitiesof 9.6 and10.5km/s,respectively,duringa singlecycleof acceleration.

With the interest in hypervelocityimpact that developedin the early 1980's, renewed

attention was given to the developmentof launch techniquescapableof accelerating

particlesto velocitiesof 10 km/s and higher.Chhabildaset al. used a graded-density

impactor fired from a two-stage gun to launch a 0.208-gram aluminum flyer plate to a

velocity of 13.8 km/s [2] and a 0.068-gram titanium flyer plate to a velocity of 15.8

km/s [3]. Walker et aL [4] launched 0.5- to 1-gram, tubular aluminum projectiles to a

velocity of 11.2 krn/s using an inhibited-shaped'charge device. Geille [5] used a

hypervelocity explosive multi-stage launcher to accelerate nominal 1-g aluminum disks to

a velocity of near 11 km/s.

Other devices have been used to launch very small fragments to high velocities in a

single cycle of acceleration. Exploding metal foils, in an electric gun, were used to launch

4.3-mg Kapton disks to a velocity of 18 km/s [6]. Plasma accelerators have been used to

launch glass beads with a mass of -10 -8 grams to a velocity of 17 km/s [7]. Sub-

micrometer particles have been accelerated to almost 100 km/s using a Van de Graaff

generator [8]. With the exception of the three-stage, light-gas gun at McGill University,

the shape, mass, and state of the projectiles launched by most of the devices could not be

controlled or known with much certainty. Clearly, the extreme accelerations required to

launch a projectile to velocities in excess of 10 to 15 km/s in a single acceleration cycle

can produce significant alterations in the properties of the projectiles.

The two augmented acceleration launchers that are described next used a device

that was attached to the muzzle of the gun used to provide a second cycle of acceleration

of the projectile during its launch. In the early to mid 1960's, a velocity augmentation

technique was under development at the Denver Research Institute and described by

Kottenstette et al. [9]. In this technique, energy was exchanged between the sabot and a

spherical projectile as the sabot was extruded in the tapered bore of a third stage attached

to the muzzle of a two-stage, light-gas gun. Velocity increases ranged from 3.5 km/s for

nylon projectiles, 2.5 krn/s for aluminum projectiles, and 1.5 km/s for steel projectiles.

Asay et al: [10] used a two-stage, light-gas gun to inject a projectile into a rail gun with



the intent of using the magneticallydriven plasmapressureto further acceleratethe

projectileandachieveaterminalvelocitiesashighas7.5 km/sabovetheinjectionvelocity.

Significantincreasesin the projectile velocity (>2 km/s) were not achievedusing this

technique,however.

Thetechniqueof counterfiring two guns(i.e.,simultaneouslyfiring two projectiles

againstone another)hasbeenuseda numberof :times to achieve high impact velocities.

During the late 1950's, explosively launched fragments were fn'ed against targets fred

from a large-bore powder gun to achieve impact velocities of about 5 km/s. Head-on

collisions of 10-mg, solid projectiles fn'ed from electromagnetic launchers have obtained

impact velocities of -10 km/s [11 ]. Arnold Engineering Development Center has counter

fired opposing two-stage guns and reached impact velocities of 12 km/s [12]. While the

accelerations of the projectiles and targets used in these counter-fire techniques are within

permissible limits, the size of the targets is necessarily small and the results of the impact

may have to be recorded using dynamic methods since the intact recovery of the impacted

targets is difficult. :

This report describes and presents the results of work that was done in an attempt

to develop an augmented acceleration technique that would launch small projectiles of

known shape, mass, and state to velocities of 10 km/s and higher. The higher velocities

were to be achieved by adding a third stage to a conventional two-stage, fight-gas gun and

using a modified firing cycle for the third stage. The technique did not achieve the desired

results and was modified for use during the development program. Since the design of the

components used for the augmented-acceleration, three-stage launcher could be readily

adapted for use as a three-stage launcher that used a single-stage acceleration cycle; the

remainder of the contract period was spent performing test fn'ings using the modified

three-stage launcher.

Work with the modified three-stage launcher, although not complete, did produce

test firings in which a 0.1 I-g, cylindrical Nylon projectile was launched to a velocity of

8.65 km/s. This modified launcher cycle was identical, in principle, to the launcher and

f'tring cycle used for the three-stage gun developed by the Space Research Institute at



McGill Universityandusedfrom 1964to 1966. During this period, the SpaceResearch

Institute performeda seriesof bumpershieldstudiesunder contract to NASA Lewis.

Theydevelopedandusedathree-stage,light-gasgunto launch12.7-mm-diameter,Lexan

disksto impactvelocitiesof 10.5km/s. However,their work is relativelyunknown,and

very little hasbeenpublishedthat describesthegunandits operation. A brief description,

consistingof 3-1/2pagesof double-spacedtext, two photographs,andthreefigureswas

includedin the finalreport producedat theendof thefn'stseriesof bumpershieldstudies.

To date, this appearsto be the only publisheddocumentationof the McGill three-stage

launcher.

This report presentsa reviewof the augmentedaccelerationlaunchtechniquethat

wasunderdevelopmentduring the majorportion of the contractualeffort. This review

includes a descriptionof the modified f'n'ingcycle, anticipatedperformancedata, a

descriptionof the componentsusedin theconstructionof the third stageof the launcher,

anda summaryof theperformanceof the augmentedaccelerationlaunchersystem. The

reportconcludeswith a descriptionof themodifiedthree-stagelauncherandtheresultsof

thetestfiringsthat wereperformedusingthemodifiedlauncher.

4



SECTION II. DESCRIPTION OF AUGMENTED

ACCELERATION TECHNIQUE

A two-stage, light-gas gun uses a propellant-driven piston in the first stage to

compress a charge of hydrogen gas in a large-bore pump tube. The charge of compressed

hydrogen is used to accelerate a projectile in a small-bore, second-stage launch tube.

Hydrogen is typically used as the propelling gas in two-stage, light-gas guns because of its

low density. Helium is used in some two-stage, light-gas guns but itg higher density

reduces the maximum velocity that can be achieved with the gun. The density of the

propelling gas has a significant effect on the velocity that can be obtained for a given set of

loading conditions because the projectile's velocity is limited by the velocity of the gas

accelerating the projectile. A heavier gas consumes a greater portion of the system energy

available for use in accelerating the gas to hypervelocity than a lighter gas, leaving less

energy available to accelerate the projectile.

Most two-stage, light-gas guns have operational limits imposed on them because

of safety restrictions, attempts to minimize wear or abuse of the gun components, and by

the peak accelerations or launch loads that can be sustained, without failure, by the

projectile. Typical upper performance limits for two-stage, light-gas guns are shown in

Figure 1 for two guns with different length-to-bore-diameter ratio launch tubes. This

figure presents the upper limits of projectile velocity, as a function of the projectile

"density," that can be achieved with these guns when excessive wear or abuse of gun

components and projectile launch loads are limiting considerations in the operation of the

guns. Projectile "density," in Figure 1, is simply defined as the mass of the launch package

divided by the bore diameter cubed. Strictly speaking, the effective projectile density is its

mass divided by its volume. However, the use of the density shown in Figure 1 requires a

simpler calculation.

In addition to the limits imposed by wear and abuse of gun components, a lower

limit is also imposed by the practical aspects of the design and utility of launch packages

with very low densities. As a point of reference, the launch packages used in the

development of Figure 1 all contained a metal projectile (usually a sphere at the highest

5
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Figure 1. Performance limits for two light-gas guns (with launch tubes having different

length-to-bore-diameter ratios) as a function of launch package "density."

velocities shown). It is possible to launch lighter packages to higher velocities but

practical material considerations limit their shapes to disks or disk-like objects. Increasing

the limits on the amount of wear and abuse that can be tolerated for the gun components

would increase the velocity limits shown on the curves, but not significantly.

In the three-stage, light-gas gun developed at McGill University [1], the projectile

in the second stage was a piston and was used to compress a second charge of hydrogen

gas that filled the second-stage launch tube. It was not clear in the description of the

McGill gun whether a burst disk was installed at the breech end of the third-stage launch

tube or whether friction or a shear ring held the projectile in place until the build-up in

pressure of the hydrogen in the second stage launch tube caused the projectile to "release"

and the gun to 'Tn'e." In any event, the projectile started from rest and was accelerated to

its fmal velocity in the third stage. Because of the very high pressures developed in the

second-stage hydrogen column, the acceleration of the projectile was extreme in order to

6



achieve velocities in excess of 10 krn/s. However, simple, disk-shaped projectiles were

launched "cold" and intact.

In the augmented acceleration technique, the projectile enters the third stage of the

launcher traveling at a velocity of -4.1 km/s. After being inserted in the third-stage launch

tube, the projectile is accelerated a second time to increase its velocity. In the modified

three-stage or augmented acceleration firing cycle, the second-stage launch tube is

evacuated. The hydrogen used to accelerate the projectile as it travels down the third-

stage launch tube is contained in a small pressurized, high-strength aluminum cartridge

that forms the projectile in the second stage. A small aluminum projectile is held in a

nylon sabot that is carried at the front of the compressed gas cartridge. To facilitate

further discussion of the modified-cycle or augmented acceleration, three-stage launcher,

the combined projectile/sabot package inserted in the front of the cartridge will be referred

to as the "projectile." The compressed gas cartridge assembly will simply be called the

"cartridge."

The illustration presented in Figure 2 will be used to describe the sequence of

events that occur as the cartridge enters the third-stage of the launcher. First, the

projectile is dynamically inserted into the injector section at the breech end of the third-

stage launch tube. When the insertion process is nearly complete, the front end of the

cartridge impacts the injector, the projectile is released, and the projectile begins to travel

down the third-stage launch tube at its insertion velocity. At the end of the projectile
/

release process, the front of the cartridge fractures, exposing the base of the projectile to

the high-pressure hydrogen in the cartridge. When fragmentation' of the front of the

cartridge is complete, the side walls of the cartridge enter and seal the circular gap

between the injector and the second-stage launch tube extension. The kinetic energy of

the cartridge case continues to drive the cartridge downrange and compress the hydrogen

in the cartridge. A second cycle of acceleration of the projectile follows the exposure of

its base to the reservoir of rapidly compressing hydrogen gas. As shown in Figure 2, the

side walls of the cartridge are tapered to accommodate launch loads. The increasing

thickness of the side walls also compensates for the erosion of injector and barrel

extension material that occurs during the extrusion process.
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PROJECTILE

f
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Figure 2. Illustration showing the relationship of the compressed gas cartridge and

internal launcher components just before the projectile enters the injector

section of the third-stage launch tube.

A simple model was developed and used to estimate the performance (i.e., final

projectile velocity) of the third stage of the launcher system and to assist in making

decisions regarding the selection of various operating parameters, particularly for the

cartridge. The various parameters are shown in the model presented in Figure 3. For the

cartridge, these parameters are: Pi, the initial charge pressure of the hydrogen in the

cartridge; M c, the mass of the cartridge (less the mass of the head section); Vc, the

projectile insertion velocity; D c, the average internal diameter of the cartridge; and L i, the

SECOND-STAGE LAUNCH TUBE

i//////

.'////.7/

CARTRIDGE

Pi Me Vc De Li

k'N\\_\\\ \\\\\\\ I/,,.\\\\'1N ---fl 1
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- - "////////////////," d Lt

Figure 3. Simple model used to estimate performance of the third stage of the launcher.



initial lengthof thewallsof thecartridge. Theprojectilemass,Mp, the projectile velocity,

Vp, and the third-stage launch tube diameter, d, and length, L t, complete the fist of

variables. Several simplifying assumptions were made during the development of the

model regarding the pressure distribution and flow of the hydrogen during its transfer

from the cartridge to the third-stage launch tube. Shock waves and their effect on the

instantaneous variation in the pressure distribution in the cartridge were ignored. In

addition, it was assumed that the flow of hydrogen from the cartridge to the third-stage

launch tube was not choked and was not affected by debris generated by the impact of the

cartridge front with the injector.

Two versions of the model were developed. Both versions allowed the cartridge

to move an incremental distance and then computed new values of displacement, pressure

(following an isentropic compression of the hydrogen), velocity, energy, etc. for the

various components in the system. One version used an energy balance to compute the

redistribution of the system's energy before beginning the next cycle of computations.

The second version computed the reduction in the velocity of the cartridge using the

increase in the pressure of the hydrogen to decelerate the cartridge and setup the

conditions for the start of the next cycle. The results (i.e., hydrogen pressure history and

projectile velocity) of the computations made using both models and were compared and

found to be essentially the same.

Parametric sensitivity studies were performed to examine the relative effects of

changes in the launcher loading variables (i.e., cartridge volume,, hydrogen charge

pressure, injection velocity of the third-stage projectile, etc.) on the launch loads applied

to the third-stage projectile and the final projectile velocity. The launcher dimensions and

the launcher loading variables used in the parametric sensitivity study are presented in

Table 1. In general, the results of the study indicated that longer cartridges, with a lower

initial charge pressure, produced the most favorable launch acceleration profile (lowest

peak base pressure) for the third-stage projectile. The results of this series of parametric

sensitivity studies were used to determine the cartridge volume and charge pressure used

for the initial test firings of the launcher.

9



TABLE 1

VALUES FOR PARAMETERS USED IN SIMPLE MODEL

The following parameters were fixed: third-stage launch tube diameter, d, at 5.54 mm (0.218 in.);

third-stage launch tube length, Lt, at 1.377 m (54.12 in.); and projectile mass, Mp, at 0.153 g

Variable Units Constant hydrogen mass Variable hydrogen mass

Initial charge pressure of

hydrogen, Pi

Cartridge volume

Cartridge mass, M e

Average internal

diameter of cartridge, D e

Initial length of cartridge

walls, L i

Projectile insertion

velocity, V c

MPa 41.37 55.16 68.95 41.37 41.37 41.37

(psi) (6,000) (8,000) (10,000) (6,000) (6,000) (6,000)

cm 3 42.29 31.80 25.4 42.29 63.43 84.57

(in3) (2.58) (1.94) (1.55) (2.58) (3.87) (5.16)

g 61 61 61 61 76 91

mm 26.42 25.40 24.38 26.42 26.42 26.42

(in.) (1.04) (1.00) (0.96) (1.04) (1.04) (1.04)

mm 77.72 62.48 54.36 77.72 116.56 155.45

(in.) (3.06) (2.46) (2.14) (3.06) (4.59) (6.12)

km/s 4.1 4.1 4.1 4.1 3.6 3.33

Results of one set of the parametric studies are presented in Figures 4 and 5. In

the plots presented in these figures, the pressure generated in the hydrogen and the

velocity of the projectile are shown as a function of the displacement or distance traveled

by the projectile. For the cases shown in Figures 4 and 5, the initial or charge pressure of

the hydrogen was varied from 41 MPa (6,000 psi) to 69 MPa (10,000 psi). The mass of

the hydrogen was held constant for these three cases. The length and the average internal

diameters of the cartridges were adjusted to accommodate the different volumes and

internal pressures, respectively. Preliminary sizing calculations indicated that the change

in the mass of the cartridge resulting from the decrease in its length is offset by the

increase in mass resulting from the increase in the side wall thickness required to withstand

the higher internal pressures.

Overall, the analysis indicated that the peak pressure acting on the base of the

projectile increased as the initial charge pressure increased. This result is not surprising.

The model also indicated that the velocity of the cartridge would not decrease significantly

until its base was about to come in contact with the injector at the end of the compression
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cycle. In this way, the velocity history of the cartridge during the compression cycle is

similar to the velocity history of a long-rod penetrator during its interaction with a semi-

infinite target. Because the travel time for the high-pressure cartridge is the lowest for the

three cases, the peak pressure will occur sooner for this case since the projectile has the

least time to move down range, forcing the gas to occupy a smaller volume in the launch

tube. The peak base pressures experienced by the projectiles will be considerably lower

than the values shown in the figures because of real gas effects, the effects of the geometry

of the cartridges, and the space available for the gas during the compression cycle.

The plot of projectile velocity as a function of distance, presented in Figure 5,

shows that the terminal velocity achieved by the projectile for each of the three test cases

was the same. Consequently, the case with the lowest peak pressure was selected for use

since it would produce the lowest launch stresses in the projectile. The results of this

series of simulations were used to determine the cartridge volume and charge pressure to

be used in the initial test firings of the launcher. The internal volume of the cartridge was

determined to be 41 cm 3 (2.5 in3), the charge pressure of the hydrogen was 41.4 MPa

(6,000 psi), and the mass of the fully assembled cartridge was 65 g (including 1.42 g of

hydrogen). The nominal insertion velocity of the cartridge was determined to be 4.1 km/s,

or the maximum velocity the 65-g cartridge could achieve using our larger two-stage,

light-gas gun. In the initial test firings, the projectile was a 5.54-mm-diameter, 5.54-mm-

long Nylon cylinder with a mass of 0.153 g. For the launch conditions given, the model

predicted a final projectile velocity of 12.7 km/s. Our previous experience with the

comparison of nominal to predicted launch velocity for two-stage gun firings would

indicate that the measured projectile velocity would be about 10.1 km/s.

The effects of a change in the mass of hydrogen and the corresponding change in

the length of the cartridge on the predicted base pressure and projectile velocity are shown

in Figures 6 and 7. For the three cases illustrated in these figures, the pressure was held

constant at 41 MPa, and the mass of the hydrogen in the cartridge was increased to 1.5

and 2 times the nominal case (M = 1). Because the mass of the assembled cartridges

increased as their volume increased, the velocity of the cartridge had to be decreased to
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staywithin theperformancelimits of the two-stage gun. The peak pressure decreased as

the mass of the hydrogen (and the length of the cartridge) increased. More noteworthy in

this figure is the fact that the pressure remains at a higher but very acceptable level for the

remainder of the launch cycle.

Because the average pressure behind the projectile is higher as the cartridge length

is increased, the projectile is accelerated to a higher velocity even though its initial velocity

was lower. As illustrated in Figure 7, a nominal projectile velocity of 15.7 km/s is

indicated for the case where M = 2. The measured velocity for this case could be on the

order of 12 km/s. Key to examining launcher performance for thiS set of conditions is the

ability to fabricate and launch a long cartridge.
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SECTION III. LAUNCHER AND CARTRIDGE DESIGN

AND DESCRIPTION

The third stage of the augmented acceleration launcher was designed for

installation at the muzzle end of the second stage of the University of Dayton Research

Institute's (UDRI) 75/30 mm, two-stage, light-gas gun, Range 8. A view of this range is

presented in Figure 8. The first stage, or the pump tube, has a 75-mm-diameter bore, is

4.9 m long, and is attached to the high-pressure section using a differential thread system.

A 5.5-m-long, 30-mm-diameter bore launch tube (the second stage) is attached to the

high-pressure section using a number of high-strength bolts which pass through a heavy

collar threaded on the breech end of the launch tube. A flat, scored burst disk is held in a

removable insert that is installed in the high-pressure section at the time the gun is

assembled for firing. The projectile and sabot are seated in the launch tube prior to joining

the launch tube and the high-pressure section. A three-component piston is loaded in the

breech end of the pump tube prior to attaching the powder chamber to the pump tube.

:: ,:: _ : iii:i:i i!::ill:¸__ _:::_::i_i_:i_:!:::: iii!!::::_::_:: ¸¸::¸¸¸¸¸iii:̧¸¸¸:

Figure 8. View of the UDRI 75/30-mm, two-stage, light-gas gun range.
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The rangeis equippedwith a rathervoluminousblast tank, shownin Figure9, to

facilitate a rapid expansionof the high-pressurehydrogengas releasedduring normal

operationof thegun. All componentsof the third stageof the launcherdescribedin this

report were locatedinsidethe front sectionof this blast tank. A moderatesizedtarget

chamber,90cm x 90cm x 150cm, is locateddownrangeof theblasttank andis joinedto

the blast tank by an instrumentationsection. Sabotstrippingplatesare installedin the

instrumentationsectionatthejunctionof the instrumentationsectionandtargetchamber.

Selectionof the loadingconditions(i.e., powdercharge,piston weight, hydrogen

chargepressure,andburstdisk releasepressure)is accomplishedwith useof a computer

programthat modelsthe interior ballisticsof the light-gasgun. In almosteverycase,the

softest(lowest peak acceleration)launchconditionsaredesiredand this code hasbeen

usedvery successfullyto determineoptimumloadingconditionsfor bothtwo stage,light-

Figure9. View of blasttankusedwith UDRI 75/30mm,two-stage,light-gasgun. Third
stageof augmentedaccelerationlauncherismountedinsidethis tank.
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gasgunsat UDRI. To facilitatea comparisonof thenominalprojectileloadingconditions

obtainedfrom the light-gasgun code with thoseconditionsactuallyexperiencedby the

launchpackage,12pressuretransducershavebeeninstalledat variouslocationsalongthe

gun. In additionto powderchamberpressure,pressuresat threelocationsalongthepump

tubeandeight locationsalongthe launchtubearedeterminedfor eachgun firing. The

pressuretransducersin the launchtubenot only provide individualpressurehistoriesof

thehydrogengasat eachtransducerlocation,but in-bore,time-of-arrivaldatawhichcan

be usedto determineincrementalprojectile velocitiesand to approximateacceleration

valuesfor the launchpackages.

Projectile velocity determinationsaremadewith useof four laser-photodetector

systemsinstalledat variouspointsalongtherange. Passageof aprojectilethroughalaser

beamdirectedinto the photodetectorof eachsystemproducesa momentarydrop in the

outputsignalof thephotodetector.Measurementof thetimebetweentheelectricalpulses

formed as the projectile movesdownrangepermits the computationof the projectile

velocity betweenany pair of laser-photodetectorstations. These laser-photodetector

systemsarealsousedto providetriggerpulsesfor usewith flashradiographyand/orother

transienteventrecordingequipment.

The target chamberis equippedwith an orthogonal flash x-ray head support

systemandsuitableviewingports. Up to four orthogonalpairsof flashx-rayscanbeused

to view eventsassociatedwith the impactof a projectileandatarget. Firing of theflash

x-raysystemisaccomplishedwith theuseof a triggerpulsegeneratedwhenthe projectile

passesthroughthe beamof a "laser-ladder"photodetectorsystemlocatedin the region

just uprangeof thetarget. Appropriatefiring timesfor theflashx-raysarepredetermined

andcontrolledusingtime-delaygenerators.

A. Launcher Design and Hardware

An illustration of the major components of the third stage of the launcher is

presented in Figure 10. The muzzle end of the 30-mm launch tube had to have the threads

and sealing/alignment groove installed as part of the preparations for the installation
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of the third stage of the launcher on the range. Also, the details of the metal-to-metal

seals, bolts, and alignment devices are not shown in Figure 10.

The 30-mm launch tube extension is secured to the muzzle of the 30-ram launch

tube using two collars and 8 large, high-strength bolts. The bore of the 30-mm launch

tube extension was aligned with the bore of the 30-mm launch tube using a small boss that

protruded from the front of the extension and mated with a corresponding groove in the

face of the launch tube. The injector/cartridge stripper and the 5.6 mm bore, third-stage

launch tube were joined using a second set of 8, large high-strength bolts which passed

through the 5.6 mm launch tube collar into the third stage housing. The axial position and

alignment of the injector/stripper and the 30-mm launch tube extension was maintained by

using close-fitting joints between the housing and the clamping collar on the barrel

extension. The housing was joined to the forward clamping collar using a set of 8, high-

strength studs and nuts. A loose-fitting stopper ring, used to absorb the impact of the

extruded aluminum tube, was installed in a portion of the space between the housing and

the barrel extension. With the exception of the stopper, all components shown in Figure

10 were fabricated from heat-treated 4340 steel. Hot-rolled steel tubing was used for the

stopper. The 30-mm launch tube extension, the injector/cartridge stripper, and the stopper

were scrapped after each shot.

Two additional ports were installed near the muzzle end of the 30-mm launch tube.

These ports were installed when the launch tube was removed from the range for the

machining of the threads and alignment groove used to secure the third stage of the

launcher to the range. A pressure transducer port was installed 0.3 m up range of the

pressure transducer that was installed near the muzzle of the tube when the launch tube

was originally fabricated. The difference in the time of arrival of the cartridge at both of

the pressure transducer ports near the muzzle of the launch tube was used to obtain an

approximate velocity of the cartridge just before it entered the third stage launcher. A

port was also installed near the muzzle of the 30-mm launch tube for the attachment of a

high-pressure valve. The valve was used to vent hydrogen gas that may become trapped

in the 30-mm launch tube after the test firing.
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The third-stage launcher was held in mounts on a range beam that was supported

by a structural iron frame located inside the blast tank. The structural iron frame was

secured to the interior of the blast tank at the point of attachment of the legs that are used

to support the blast tank. Attachment was made at those points to preclude the possibility

of the third-stage launcher shifting when the blast tank was evacuated for the test firing.

The loads due to the difference between atmospheric pressure on the outside of the blast

tank and the reduced pressure inside the blast tank produces a significant inward

displacement of the blast tank walls. The third stage of the launcher is shown installed at

the muzzle of the UDRI 75/30 mm, two-stage, light-gas gun in Figure 11. A view of the

third-stage launch tube and its supporting structure is shown in Figure 12.

Figure 11. View of the third stage launcher assembly installed on the muzzle of the UDRI

75/30-mm, two-stage, light-gas gun.

Installation and removal of the three-stage launcher components proceeded very

smoothly for each test firing. The assembly and alignment of the various launcher

components was a simple procedure during preparation for a test firing. Similarly,

disassembly of the system was accomplished without much difficulty. During the design
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Figure12. View of thethird stagelauncherassemblyshowingthethird-stagelaunchtube
andlaunchersupportstructure.

of the launcher components,considerablecare was given to eliminatingor at least

minimizinganytendencyfor the expendablecomponentsto "lock up" or deform in a way

that would makethemdifficult to separateafter the firing. The separationprocesswas

easierthan anticipated. As expected,somemachinework was requiredto removethe

usedinjector/cartridgestrippersectionfrom the third-stagehousing(seeFigure 10) and

theused30-mmlaunchtubeextensionfrom thethird stagefront collar.

B. Cartridge Design

Thedesign,loading,handling,andsuccessfullaunchof acartridgefilled with high-

pressurehydrogen present a number of technicaland safety issuesthat had to be

addressed.The cartridgehadto bedesignedto withstandtwo significantloads. First, it

hadto safelycontainthehigh-pressurehydrogen.Second,it hadto withstandthe launch

loads. Critical to the cartridge designprocesswas the determinationof the peak

accelerationthat thecartridgewill experienceduring launch.The UDRI 75/30-mm,two-

21



stage,light-gasgunhaspressuretransducersinstalledat eightlocationsalong the 30-ram

launch tube. As noted in the previoussubsection,the eighthpressuretransducerwas

installednearthe muzzleof the 30-ramlaunchtubefor usein this program. Thepressure

dataobtainedduringeachtest fuing arereviewedto determinethe pressureactingon the

baseof the launchpackage(projectileand sabot)during launch. The peak acceleration

experiencedby thepackageis computedusingthepeakpressuredataandthemassof the

launchpackage. A preliminarycartridgedesignwasmadeusinganestimateof the peak

accelerationthat wasbasedonpreviousfirings of the75/30-mm,two-stage,light-gasgun

for packageswith a massandvelocitynearthe estimatedmassandthe desiredcartridge

velocity.

Becausethematerialsusedin the constructionof thecartridgearestressedto just

below their yield strengths,it was critical that reliablepeak pressuredata be usedto

determinethe launchloadsthat would be appliedto the cartridge, Severaltest firings,

usingcylindricalNylon slugsasprojectiles,wereperformedto obtainthesedataandto

reducetheuncertaintiesassociatedwith theestimatedvalues. Designof thecartridgewas

arigorousprocedurethatbeganwith apreliminarycartridgedesign.Next, two testfirings

were rnadeto obtain peak pressuredata.for useduring a more detailedand thorough

stressanalysisof the cartridgecomponents. A third test firing was made to obtain

additionalpeakpressuredata for usein performingthe final stressanalysisand designof

thecartridge.

In addition to insuring that the cartridge would safely withstandthe internal

pressureandlaunchloadrequirements,considerationwasalsogivento severaloperational

issues.Thesewere: (1) easeof fabricationof the cartridge.components,(2) techniques

for sealingthejoints betweenthe variouscartridgecomponents,(3) proceduresusedto

evacuateandchargethecartridgewith high-pressurehydrogen,and(4) sensitivityof the

cartridgecomponentsto hydrogenembrittlement. Theseconsiderationsresulted in a

designthat incorporateda one-piecemainbody with a screw-onendcap. Sinceit was

desirableto keepthe cartridgemassaslow aspossible,it washopedthat both of these

cartridgecomponentscould be fabricatedfrom 7075-T6 aluminum,with the sealsand

valvepartsfabricatedfrom othermaterials.
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Since the charge pressure of the cartridge was to be greater than the charge

pressure of a standard hydrogen bottle, 18.6 MPa (2,700 psi), a pressure intensifier

system, shown in Figure 13, was designed, fabricated, and used to increase the initial

charge pressure of the cartridge and intensifier system to the operational charge pressure.

The pressure intensifier system can develop a pressure of 103.d. MPa (15,000 psi) and is

easy to operate. The end cap of the cartridge contained a port for use in making the

connection to the pressure intensifier system, and through it, to a vacuum pump and a

standard bottle of hydrogen.

Figure 13. View of the pressure intensifier system being used to charge a cartridge in

preparation for a test firing.

The results of the initial set of parametric sensitivity studies indicated that the

cartridge used for the initial test firings of the launcher would have an internal volume of

41 cm -_ (2.5 in_) and a charge pressure of 41.4 MPa (6,000 psi). The nominal insertion

velocity of the projectile (and cartridge as it entered the third stage of the launcher) was

determined to be 4.5 km/s. The projectile selected for use in the initial test firings was a
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5.54-ram-diameter,5.54-mm-longNyloncylinderwith amassof 0.153g. Themassof the

cartridgeusedin the initial parametricsensitivitystudy was 50 g and was basedon a

preliminarydesignof the cartridge. Using the valuesgiven,the modelpredicteda final

projectile velocity of 12.0km/s. Our experiencewith the comparisonof nominal to

predictedlaunchvelocitiesindicatedthattheactualprojectilevelocityshouldbeabout9.6

km/sfor theseconditions.

Since previous firings of our 75/30 mm two-stage, light-gas with this launch

packagemasswereconductedat velocitiesbelow4.5 km/s, the pressuredataneededto

determinea reliablepeakaccelerationwerenot available.Test firings usingNylon slugs

weremadeto obtainthesedataandprovideaccuratepeakaccelerationdatafor usein the

reviseddesignof the cartridge. Two test firings usingNylon slugswith a massof 48 g

wereperformed. Themeasuredvelocitiesfor the slugsin thesetestfirings were4.58and

4.62km/s; thepeakprojectilebasepressureswere292.4MPa(42,400psi) and318.6MPa

(46,200 psi), respectively. For the revisedcartridge design,a peak accelerationof

456,000g's wasusedto determinethe launchloads. An internalpressureof 43.4 MPa

(6,300psi) or 1.05timestheoperatingpressurewasusedasthedesignpressure.

During the seconddesignof the cartridge,it was clear that 7075-T6 aluminum

could not beusedfor the endcap sincethe launch-loadstressesin the end capwere in

excessof thosecapableof beingcarriedby 7075-T6aluminum.Consequently,titanium6-

4 wasselectedfor use in further designof the endcap. This changein materialsadded

approximately10 g to the nominalmassof the cartridge,and requireda corresponding

reductionin thenominallaunchvelocityof thecartridgeto about4.3km/s. Thisreduction

in thecartridgelaunchvelocity did not significantlyaffectthe nominalperformanceof the

three-stagelaunchersystem.The increasein thetotal massof thecartridgedid requirea

third test firing usingaheavierNylonslug. In thattestfiring, aNylon cylinderwith a mass

of 60g wasfired at a velocity of 4.26km/s. Thepeakprojectilebasepressurefor thetest

was280.7MPa (40,700psi). Thispeakpressureandnominalcartridgemasswereusedto

determinethat the peakaccelerationto beusedfor the final designof the cartridgewas

360,000g's. Thedesigninternalpressureusedfor thefinaldesignof thecartridgewas43.4

MPa(6,300psi)or 1.05timestheoperatingpressure.
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A view of anassembledcartridgeis shownin Figure 14. An explodedview of a

cartridge is shown in Figure 15. The walls of the cartridge body are tapered to

accommodatethe largecompressiveloadsgeneratedduring the launchof the cartridge.

The cartridgebody hasa toriconicalheadwith an integralgalleryto hold the projectile.

Headdesignsusingseveralangleswereevaluated.Thedesignselectedfor incorporation

in thealuminumcartridgebodyusesaheadwith a 45degreeangle(measuredwith respect

to thecartridgecenterline). The titaniumendcapcontainsan integralvalveusedduring

evacuationof the cartridge,duringcharging,andto sealthe cartridgeafterthe hydrogen

chargehasbeenpressurized.The cartridgeis guideddown the boreof the second-stage

launchtube by Nylon bore riders installedat the front and the rear of the cartridge.

Detailsof the shapeof thecartridgecomponentsshownin Figure2 arerepresentativeof

thoseusedin thefinal design.

Figure14. View of anassembledcartridgewith aprojectilein the integralfront gallery.
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Figure 15. Exploded view of a cartridge showing all of its components.

During the proof testing and the test firings of pressurized cartridges, a number of

minor modifications were made to the final cartridge design. These modifications were

made to ox,ercome difficulties encountered during the filling and the charging of the

cartridges and possible failures of components during the test firings. The details of each

of these modifications will be given during the review and discussion of test resuks

presented in the next section.
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SECTION IV. TEST RESULTS

To minimize the risk to the range hardware during the test firings of the completed

launcher system described in the previous section, the following test philosophy was used

to insure that unexpected and/or preventable failures or damage did not occur. First, two

completed cartridges were proof tested to determine their burst strength. When it was

assured that the cartridges would safely hold the charge pressure without failing or

leaking, pressurized cartridges were test fired in the two-stage gun to insure that they

could withstand the additional stresses imposed on them during their launch. After a

pressurized cartridge was launched successfully, pressurized cartridges were fired in the

assembled three-stage launcher system to evaluate the performance of the launcher. By

performing the test sequences in this order, it was possible to minimize the number of

parameters to be considered when determining the probable cause(s) of failure(s) that

could occur during each test firing. The results of the proof tests of two cartridges and

the results of eight test firings of pressurized cartridges are presented in the first part of

this section. This section concludes with a detailed presentation of the results of the seven

test firings of the completed three-stage launcher system.

A. Cartridge Test Results

1. Proof Tests. The pressure intensifier system shown in Figure 13 was used to

proof test and determine the burst strength of the cartridges. The tests were performed in

the open and used a short piece of high-pressure tubing to attach the cartridge (via the

port and valve in the titanium end cap) to the pressure intensifier system. The proof

pressure for the cartridges was arbitrarily selected to be 44.8 MPa (6,500 psi). The

cartridges were proof and burst tested using water as the working fluid and the following

test procedure. First, the cartridge was installed on the pressure intensifier system and

evacuated. Next, the system (with the cartridge attached) was sealed, the vacuum pump

was removed, and the intensifier system and cartridge were filled with water. The water

was slowly drawn into the system and cartridge from an open supply container through a

flexible piece of tubing that was temporarily attached to the main supply port and valve of

the pressure intensifier system. Finally, the supply port valve was closed and the hand-
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operatedpressuregeneratorwasusedto slowly increasethe pressurein the intensifier

systemandthecartridge.

The first attemptto proof andburst test the cartridgerequireda redesignof the

sealusedaroundthe stemof thevalve incorporatedin the titaniumend cap. While the

originalsealallowedthecartridgeto beevacuated,it leakedwhenapressureof about6.9

MPa (1,000psi)wasappliedduringthe proof test. Theoriginalsealwasa tubularpiece

of Teflonwhosebore diameterwas0.025 mm (0.001 inch) smaller than the diameter of

the valve stem and whose outside diameter was 0.025 mm (0.001 inch) larger than the

bore of the valve body. The redesigned valve stem seal consisted of a rubber "O" ring

with an aluminum backup ring and did not require any modification of the titanium end

cap or the valve stem. During the initial proof test, the Teflon seal between the aluminum

cartridge body and the titanium end cap did not leak.

The redesigned valve stem seal did not leak during the proof test but the front of

the aluminum cartridge body failed at a pressure of about 23.4 MPa (3,400 psi). In the

fn'st design, the cartridge body employed a flat head to simplify the fabrication of the

cartridge body and to minimize the weight of the cartridge, particularly at the front end, to

reduce the launch loads imposed on the base of the cartridge. All other components of the

cartridge did not show any signs of excessive loading.

The front end of the cartridge was redesigned to use a toriconical head (cone head

with a knuckle) [13] to reduce the stress concentrations in the cartridge body end.

Toriconical head designs that used several cone angles were evaluated. The design

selected for incorporation in the redesigned aluminum cartridge body used a head with a

45 degree angle (measured with respect to the cartridge center line). However, the use of

the toriconical head added approximately 2.1 g to the total mass of the cartridge. This

additional mass increased the longitudinal stresses in the wall of the cartridge body during

launch. An aluminum cartridge body with a toriconical head was fabricated and proof and

burst tested. The redesigned cartridge body successfully held the proof pressure. The

cartridge was then burst tested by slowly increasing the internal pressure until the

cartridge failed. Failure occurred when the internal pressure reached 56.5 MPa (8,200
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psi). The head of the cartridge simultaneously separated from the cartridge body and the

cartridge ruptured along the length of the body. A view of the failed cartridge body is

shown in Figure 16. All other components of the cartridge did not show any signs of

excessive loading and the cartridge design was judged ready to be test fired to determine

its ability to withstand the launch loads.

Figure 16. View of a cartridge body that failed at an internal pressure of 56.5 MPa

(8,200 psi). Note the longitudinal crack along the length of the body and the

complete separation of the toriconical head from the cartridge body.

2. Test Firings. The purpose of this series of test firings was to determine that a

complete cartridge, pressurized with hydrogen and loaded with a Nylon projectile, could

be launched and remain intact. The cartridge must be launched pressurized since the

longitudinal tensile stresses in the cartridge walls due to the internal pressure of the

hydrogen charge are used to partially offset the compressive stresses that develop in the

cartridge walls during launch. Verification of a successful launch was accomplished using

the instrumentation that was installed on the range. This instrumentation consisted of

pressure transducers, laser-photodetector velocity stations, flash x-rays, and aluminum

witness plates. The use of this instrumentation is described in the following paragraphs.

The eight pressure transducers installed in the 30-mm launch tube were used to

monitor the pressure acting on the base of the cartridge during launch. The time required

for the cartridge to move from the location of the seventh pressure transducer to the
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location of the eighth pressure transducer (the two nearest the muzzle end of the 30-ram

launch tube) was used to determine the cartridge velocity. In this series of test firings, the

velocities determined using the pressure transducer data were compared with the

velocities measured using the four laser-photodetector stations that were installed

downrange of the 30-mm launch tube. When the third stage of the launcher was installed

on the range, these laser-photodetector stations were used to determine the velocities of

the small nylon projectiles that exited the third stage of the launcher. In the three-stage

operation of the range, data taken from the seventh and eighth pressure transducers

provided the only means of determining the cartridge velocity as the cartridge entered the

third stage of the launcher.

During the test firings described in this report, redundant instrumentation system

triggers were used for all of the tests. After each test, however, all data obtained from the

test fn-ing were examined and changes to the instrumentation were made, as required,

following the examination. Two sets of flash x-rays were used determine the post-launch

condition of the cartridges during the test firings of the cartridges. The first flash x-ray

station was located about 30 cm downrange of the muzzle of the 30-mm launch tube. The

second set of flash x-rays was an orthogonal pair at the downrange end of the

instrumentation section that was located just ahead of the target chamber. Two

techniques were used to trigger the firing of the flash x-ray used at the muzzle of the 30-

mm launch tube. A laser-photodetector trigger system was set up at the muzzle. Passage

of the cartridge through the laser beam directed into the photodetector generated a signal

that was used, with time delay generators, to fire the flash x-rays when the cartridge was

in flight, under the x-ray source, and over the film. The signal produced by the pressure

transducers was also used, with time-delay generators, to trigger the firing of the flash x-

rays to obtain these radiographs.

The fourth laser-photodetector system in the velocity measuring system was

located just up range of the target chamber and used a "laser ladder" instead of a single

laser beam to probe the region on either side of the shot-line axis. This "laser-ladder"-

photodetector system generated the trigger signal used to "fire" the flash x-rays and obtain

a pair of radiographs of the cartridge just before it struck an aluminum witness plate. The
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aluminum-sheet witness plates were used to provide a record of the condition of the

cartridge after its launch in the event the radiographs were not obtained and were installed

up range of a large steel block used to stop the cartridges.

The third test firing of the large Nylon slug was made with the 30-mm launch tube

extension installed on the end of the 30-mm launch tube. This test firing was made to

obtain pressure data for determining the peak acceleration experienced by the cartridge

and to evaluate the quality of the joint between the 30-mm launch tube and the 30-mm

launch tube extension. Coincident with the evaluation of the quality of the joint, a test of

the laser-photodetector trigger system was conducted. The laser beam passed through a

small hole in the extension to illuminate the photodetector and provide a trigger for the

muzzle x-ray source and the velocity and pressure recording equipment used for this test

and subsequent cartridge and launcher tests.

Because of blow-by and leakage of gasses, the passage of debris, or a blockage of

the beam when the gun recoiled, the laser-photodetector system produced a trigger signal

before the cartridge reached the laser beam. The projectile velocity was obtained using

the backup trigger provided by the first of the four laser-photodetector stations used to

measure projectile velocity. The diameter of the hole that was used to allow the laser

beam to pass through the launch tube extension, normal to the bore of the extension, was

increased significantly for use in the test firings of the three-stage launcher. The third test

firing with the Nylon slug indicated that a slight modification of the alignment boss on the

extension was needed and a different method of aligning and checking the alignment was

used when the extension was installed during preparations for a test firing of the three-

stage launcher. The launch tube extension was not used during the test firings of the

pressurized cartridges since the objective of the tests was to determine the "launchability"

of the cartridge.

During the test firings of the pressurized cartridges, the peak base pressure

measured at each of the launch-tube pressure transducers was used to determine the peak

acceleration of the cartridge. The measured muzzle velocity of the Nylon slug used for

the third test firing was 4.26 km/s and the peak projectile base pressures measured at the
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first five pressure transducer stations are presented in Table 2. This velocity and these

pressure data were the standard for the comparison of data from the test firings of

pressurized cartridges.

TABLE 2

BASE PRESSURES FOR THIRD TEST FIRING OF A NYLON SLUG

Distance

Pressure from Breech, Peak Pressure, Peak Pressure,

Transducer (m) (MPa) (psi)

LT1 0.305 248.9 36,100

LT2 0.559 280.7 40,700

LT3 0.813 253.8 36,800

LT4 1.321 257.9 37,400

LT5 2.337 168.3 24,400

As a safety measure, the cartridges were filled and charged with hydrogen after

they were loaded in the gun. The pressure intensifier system was used with a vacuum

pump to evacuate the cartridge and test it for leaks. The cartridges were evacuated to less

than lmm Hg before the hydrogen was introduced from a standard industrial size bottle of

gas at a pressure of about 18.6 MPa (2,700 psi). High-pressure lines, valves, and pressure

gages that were a part of the pressure intensifier system were used to direct and control

the flow of hydrogen into the cartridge. The hand operated pressure generator was used

to increase the pressure of the initial charge of hydrogen to the final charge pressure.

Eight test firings of pressurized cartridges were performed to insure (1) that the

cartridge functioned as designed, (2) that it could be launched, and (3) that it remained

intact. The results of these tests are summarized in Table 3. In all eight tests shown in

this table, the cartridges were charged to a pressure of 41.4 MPa (6,000 psi). The nominal

velocity for the first two tests was 4.3 km/s and was lowered for the last six tests. In

Table 3, the mass of the hydrogen charge was computed using the equation of state for a

perfect gas. The volume of the cartridge was determined by weighing the cartridge empty

and after it had been filled with degassed water. The ambient room temperature and the

nominal charge pressure were used in the calculation.
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TABLE 3

RESULTS OF TEST FIRINGS OF PRESSURIZED CARTRIDGES

All cartridges were charged with hydrogen at 41 MPa (6,000 psi). The filled cartridge mass

includes the mass of the hydrogen charge and a projectile with a nominal mass of O.153 g.

Filled Hydrogen

Cartridge Charge Cartridge Velocity, Measured

Shot Mass, Mass, Nominal Measured Peak Base Pressure,

Number (g) (g) (kin�s) (km/s) (MPa) (psi)

8-0132 60.8235 1.4175 4.30 3.89 (?) 258.2 37,452

8-0133 60.8355 1.4175 4.30 4.23 292.0 42,364

8-0134 63.4808 1.3493 4.10 4.12 257.9 37,414

8-0135 62.7883 1.3565 3.75 3.83 (?) >190.4 >27,628

8-0136 65.8149 1.3274 3.15 3.13 131.1 19,016

8-0137 64.2200 1.3351 3.00 3.01 110.0 15,963

8-0138 65.9590 1.3340 2.50 2.52 80.4 11,665

8-0139 64.9769 1.3346 2.50 2.70 108.5 15,738

The cartridges used in the first seven test firings failed during their launch. The

test firing of the eighth cartridge was successful. In some cases the failures were

catastrophic and the cartridges exited the launch tube in several pieces. Because the

cartridges were broken up, an exact determination of the muzzle velocity the cartridge

was not always possible. In addition, the in-bore failures of the cartridges produced

erroneous trigger signals and caused pre-triggering of the flash x-ray located at the muzzle

of the launch tube. Consequently, radiographs of the cartridges were not obtained for the

first five test firings. The muzzle velocity was reduced incrementally for the last six tests

to reduce the launch loads imposed on the cartridge and to produce a successful launch of

a cartridge.

The pressure data taken at various positions along the launch tube for the first two

test firings, Shots 8-0132 and 8-0133, indicated that the cartridge failure occurred early in

the launch cycle and that the cartridges probably came apart catastrophically. An analysis

of the probable cause of failure for these cartridges indicated that it was likely that the

cartridge walls came in contact with the bore of the launch tube as they traveled down the

tube during launch. Frictional heating resulting from this contact reduced the yield
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strength of the aluminum and promoted the subsequent failure of the cartridge.

Consequently, the cartridge wall cross section and thickness were increased slightly and

the outside diameter of the cartridge body was reduced to increase the clearance between

the outside diameter of the cartridge wall and the bore of the launch tube. The slightly

thicker cartridge wall and the increased diametral clearance were used with the cartridges

fabricated for use in all subsequent test firings of the cartridges. Because of the slight

increase in the mass of the cartridge resulting from the changes in the cartridge wall

design, the nominal muzzle velocity for the next test firings was reduced from 4.30 knfs

to 4.10 km/s

The in-bore pressure measurements obtained from Shot 8-0134 indicated that the

cartridge may have survived the launch, but the flash x-ray at the muzzle of the gun pre-

triggered and a radiograph of the cartridge was not obtained. The failure of the cartridge

for Shot 8-0132 did not damage the bore of the launch tube; however, the bore of the 30-

mm launch tube was damaged (pitted) and required considerable honing after Shots 8-

0133 and 8-0134. During the posttest examination of the bore of the launch tube

following Shot 8-0134, several strands of polyethylene (from the piston) were observed

protruding from the port of the second pressure transducer, LT2. Several aluminum chips

and shavings were embedded in the polyethylene strands. The aluminum chips were

analyzed to determine their chemical composition. The chips could have come from the

6061-T6-aluminum rod that was used during the cleaning and honing of the 30-mm launch

tube or from the 7075-T6-aluminum cartridge. The chemical analysis indicted that the

chips contained 5 to 6 percent zinc, an element found in 7075 aluminum but not in 6061

aluminum. Clearly, some portion of a cartridge wall had come in contact with the bore of

the 30-ram launch tube during a test firing. However, it was not clear whether the chips

came from the second or third test firing.

Because the radiographs of the cartridge taken at the muzzle of the 30-mm launch

tube were essential for verifying the integrity of the cartridge, the trigger for the muzzle x-

ray was changed for Shot 8-0135. Instead of using the laser-photodetector system that

was installed just beyond the muzzle of the 30-mm launch tube, the amplified signal from

pressure transducer, LT7, located about 225 mm from the muzzle of the launch tube, was
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usedto trigger the x-rayfor Shot8-0135. In addition,thenominallaunchvelocityof the

cartridgewasloweredto 3.75km/sin anattemptto reducethelaunchloadsandto havea

successfultestfiring. Themuzzlex-raypre-triggeredfor Shot8-0135andaradiographof

thecartridgewasnot obtained. Although the witnessplate indicatedthat the cartridge

was in a numberpieceswhen it impactedthe witnessplate, the in-bore pressuredata

indicatedthe cartridge may havebeenlaunchedintact but broke up during its flight

downrange.Failureof a cartridgeafterits exit from the 30-ramlaunchtubewaspossible

sinceconsiderableenergyis storedin the cartridgewalls asthey arecompressedduring

launch. The suddenreleaseof the storedenergyasthe cartridgeleavesthe launchtube

could producea failure in thethreadedjoint betweenthealuminumbody of the cartridge

andthe titaniumendcap. This kind of failure wouldnot occur in a three-stagelauncher

firing sincethe cartridgewould alwaysexperiencea positive accelerationwhile in the

launcher.

Followingananalysisof theresultsof Shots8-0132to 8-0135,two smallchanges

were made in the designof the cartridge. Thesechangeswere incorporatedin the

cartridgesfabricatedfor useduringtheremainderof thetestprogram. In thefirst change,

the front sectionof the cartridgewasmodifiedto hold the front bore rider captivein a

groovejust behindthe knuckleof thetoriconicalhead. Captivationof thefront borerider

insuredthat this bore rider stayedin placeduring the launchand wasnot blown off by

propellinggasthat mayleakaroundtherearborerider. In the secondchange,the lengths

of the transitionregionsbetweenthe "normal," tapered,interior surfaceof the cartridge

andthereduceddiametersectionsat thefront andrearendof thecartridgewereincreased

(seecrosssectionin Figure 2). The addition of the extra material in thesetransition

regionspermittedtheseportionsof the cartridgewall to safelywithstandhigher launch

stresses,but increasedthemassof thecartridgebody. Thenominalmuzzlevelocityof the

cartridgewasreducedto 3.15km/sfor testfiringsusingthisslightlyheaviercartridge.

The measuredcartridgevelocity for Shot8-0136was3.13km/s. The amplified

signalfrom pressuretransducerLT7 wasusedto trigger the muzzlex-ray for this test.

The x-raysfired about560 gs beforethearrival of the cartridge. Multiple holesin the

witnessplateplaceddownrangeindicatedthe cartridgehadcomeapartduring launchor
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while in flight. However,an excellentsetof pressureand laser-photodetectordata was

obtainedfrom the test. A thorough analysisof thesedata indicatedthat the pressure

transducerLT6A, located305 mm uprangeof pressuretransducerLT7, couldprovidea

more reliable trigger for the x-rays. PressuretransducerLT6A wasused as the x-ray

trigger sourcefor thenext threetest firingsandradiographsof thecartridgein flight were

obtainedfor the last threefirings.

The measuredcartridgevelocityfor Shot8-0137was3.01km/s. The radiograph

of the cartridgein flight showedthat a longitudinalcrack had formed in the aluminum

body. As the crackopened,the rearportion of thecartridgebulgedseverely.The crack

split as it enteredthe knuckle at the baseof the conical headof the cartridge. In the

radiograph,theheadwas intactandthe projectileremainedin placein thesmallgalleryat

the front of the cartridge. It was assumedthat the failure initiated at the baseof the

cartridge,wherethecartridgewall wasthethickestandthelaunchloadsandstresseswere

thehighest.

An analysisof the loadsand stressesexperiencedby the baseof the cartridge

duringlaunchindicatedthat the cartridgeshouldhavehadexcessloadcarryingcapability,

sincethe peakpressuresassociatedwith the reducedvelocity launcheswere significantly

below the designmaximumvalues. However, a transient increasein the hydrogen

pressurecould occurat therearof the cartridgeasa result of inertial effectsimposedby

launch accelerationsand temporarily increasethe hoop stressesin the base of the

cartridge. It wasestimatedthat the hydrogenpressurecould increaseby slightly more

than8 percentin therearpartof thecartridgeduringthepeakacceleration.Theincreased

cartridgewall thicknessat the rearof the cartridgeshouldhaveeasilyaccommodateda

pressureincreaseof thismagnitude.

Further investigationinto probablecausesof the failure of the cartridgebodies

revealedthat, in thepresenceof a68.9MPa (10,000psi) hydrogenenvironment,the yield

strengthof 7075 aluminumwasabout68.9MPa (10,000psi) lessthan it was in a one-

atmosphereair environment[14]. In addition,useof the measuredburst pressureof the

cartridgeto backout the yield strengthof the aluminumusedfor the cartridgesindicated
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that the designyield strengthwas about 15 percenthigher than the "measured"yield

strength. Thesetwo factorsundoubtedlyworkedto reducethe strengthof the cartridge

bodiesandcontributeto theunexpectedfailuresof thecartridges.

Pressurizationof the cartridgecauseda radial expansionof the cartridgewalls.

Since this expansionalso occurred in the region of the front bore rider, significant

increasesin theaxialloadimposedon thewallsandbaseof thecartridgecouldoccurasa

resultof increasedfrictional loadsbetweentheborerider andthe wall of the launchtube.

Theincreasein frictional loads,at leastduringtheearlystagesof the launchprocess,was

difficult to estimate. The static breakawayload could be measuredbut would require

workingwith a partof thepressurizedcartridgeexposed.It wasassumedthatthefailures

of the cartridgesexperiencedthusfar weredue to a combinationof apparentoverloads

that werenot accountedfor in the designstressanalysesandthat the increasedfrictional

load was the most likely load not includedin the analyses. Accordingly, the outside

diameterof the front bore rider was decreasedin the attempt to have the expanded

cartridgeandboreriderjust fit theboreof the launchtubefollowing pressurizationof the

cartridge. A goodfit wascritical in this regionsincethe outer surfaceof the bore rider

heldthe cartridgeconcentricwith the injectorsectionof the third stage. Too loosea fit

wouldcauseaneccentriclocationof theprojectileandtoo tight a fit would increasethe

loadsimposedon the cartridge. Reduced-diameterfront bore riders were usedfor the

remainderof all test firings.

The cartridgefor Shot8-0138wasfired at a velocity of 2.52km/s. The muzzle

radiographof thecartridgeshowedtherearof thecartridgeto be intact. However,it also

showeda shear-typefailure in the regionjust behindthe front bore rider. The failure

extendedapproximatelyonequarterof thewayaroundthecartridgeandproducedapetal

of cartridge wall material that had moved away from the front of the cartridge.

Examinationof the radiographof the cartridgeshowedthat the lengthof the transition

region betweenreduceddiametersection for the front bore rider and the "normal,"

tapered,interior surfaceof the cartridgewasabouttwo and a half timeslonger than it

shouldhavebeen. The lengthof this bandof thickermaterialcausedsignificantstress

concentrationsat thetransitionfrom thin wall to thick wall dueto localizeddifferencesin
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the radial expansionof the cartridgewallsandproduceda shearfailure at that location.

The inspectionof the cartridgesmachinedafter Shot 8-0138 includedan x-ray of the

aluminumcartridgebodyin orderto determinethatthebodiesweremachinedcorrectly.

The cartridge for Shot 8-0139 was fu'ed at a velocity of 2.70 km/s. The

radiographof thiscartridgeshowedtherearof thecartridgeto be intactwith theprojectile

inpositionat thefront of the cartridge. The successfullaunchof this cartridgeconcluded

thetest firingsof pressurizedcartridges.

B. Launcher Test Firings

The three-stage launcher system was installed in the blast tank of the 75/30-mm,

two-stage, light-gas gun as shown previously in Figures 11 and 12. Eight test firings of

the three-stage launcher were made with the launcher design shown in Figure 10. The

configuration of the internal components was modified for use without a cartridge for one

of the test firings. The results of this test firing are described in the next section of this

report. In the seven test firings that used a cartridge, the intact projectile was successfully

transferred from the cartridge to the third stage launch tube in each of the tests. However,

minimal augmentation of the projectile's velocity occurred during each of these firings. A

5.54-ram-diameter, 5.54-ram-long Nylon cylinder with a nominal mass of 0.153 g was

used as the projectile for the seven test firings. Radiographs of the projectile in flight were

obtained for the last six test firings.

The critical internal components of the third stage of the launcher system were

shown in Figure 2. The nomenclature used in this figure will be used for the remainder of

this section. The shape and relationship of the second-stage launch tube extension, or

simply, the extension, and the third-stage injector section, or injector, was shown in Figure 2 as

they were configured for the first test firing. The shape of the end of the extension and the

injector were changed for each of the test firings. The cartridges used for the test firings

were shaped as shown in Figure 14 and featured the design modifications that were

incorporated as the cartridge and launcher test firings progressed. The extension and

injector configurations that were used for the seven test firings are presented and

described in the remainder of this section. After the launcher was disassembled following
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the test firing, the extension and injector were sawn open to expose their interior and to

exalnine the changes in their configuration that were produced during the test ftring.

Scaled drawings of the pre-test and the posttest features of the extension, the injector, and

their relationship to one another are presented in the figures that follow.

The instrumentation used to obtain the data that were examined in the evaluation

of the performance of the launcher was essentially the same instrumentation used during

the test firings of tile cartridges with the following changes. The flash x-ray head at the

muzzle of the 30-ram launch tube was removed. A second pair of orthogonal flash x-ray

heads was installed in the instrumentation section of the range to obtain two views of the

projectile in flight. The velocity of tile pressurized cartridge was determined using two

pressure transducers, LT6A and LT7. These pressure transducers were installed 65 and 35

cm, respectively, up range of the breech end of the injector section. The nearly

instantaneous exposure of the pressure transducers to the hydrogen gas driving the

cartridge produced a sudden rise in the output signals of these two pressure transducers.

The velocity of the cartridge was computed by dividing the distance between the pressure

transducers by the time between the sudden rise in their respective output signals.

Projectile velocity was determined using three laser-photodetector systems and the

laser-ladder-photodetector system used to provide the trigger signal for the flash x-rays in

the instrumentation section of the range. These laser-photodetector systems were located

approximately 2, 57, 161, and 222 cm fl-om the muzzle of the third-stage launch tube. The

passage of the projectile (oi other object) through the laser beam caused the output signal

of the photodetector to drop. The time of the passage of the projectile through each laser-

photodetector system was recorded using digital data acquisition systems. The velocity of

the projectile was determined by simply dividing the distance between any two of the laser

stations by the time of flight between the stations.

The signals produced by the laser-photodetector systems were "clean" and sharp

for all test firings. Agreement between measurements made using several combinations of

the laser-photodetector stations was excellent (within 10 m/s of the mean of the measured

velocities). Measurement of the cartridge velocity was not as precise but errors were less
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than _+45 nYs of the reported value. Because the cartridge continued to accelerate after

passing the pressure transducers, the actual injection velocity was slightly higher than the

measured velocity. However, the probable difference between the measured and the

actual injection velocity was within the measurement error. Consequently, the cartridge

injection velocity was assumed to be the velocity measured using the pressure transducers.

Aluminum witness plates were installed at the downrange end of the target

chamber, about 2.5 m from the muzzle of the third-stage launch tube. These plates were

made from 2.03-mm-thick, 6061-T6-aluminum sheet. The two orthogonal pairs of flash

x-rays were located just in front of the witness plate and used to "record" the condition of

the projectile before it impacted the witness plate. Since the velocity of the projectile was

unknown, each pair of flash x-rays was allowed to expose the full length of the film. The

resulting double exposure, with appropriate delays in the firing pulse of the x-ray heads,

would produce two views of the projectile for a wide range of impact velocities and one

view for velocities that were above or below the velocity range that produced two images.

The witness plate was used to record the location of the impact site and to provide an

indication of the amount of debris that traveled downrange with or behind the projectile.

The results of the seven test firings using the three-stage launcher are presented in

Table 4. During the test firings, an atmosphere of nitrogen with an ambient pressure of 5

mm Hg was maintained inside the blast tank.

Because the actual projectile velocity was well below the anticipated projectile

velocity for Shot 8-3140, the x-rays fired before the projectile was in a position to have its

shadow captured on film. The hole left in the witness plate indicated that the projectile

was intact when it struck the aluminum sheet. Several small pieces of debris, probably

from the front section of the cartridge, also struck the plate producing a number of small

craters and three small holes. As shown in Figure 17, the nose of the injector was a cone

with its apex pointing up range. In this figure and those that follow, the projectile enters

the injector from the bottom of the figure and leaves the injector at the top of the figure.

The half angle of the cone was 60 degrees. Although this "reverse" cone angle is not

TABLE 4
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RESULTS OF TEST FIRINGS OF THREE-STAGE LAUNCHER

All cartridges were charged with hydrogen at 41 MPa (6,000 psi). The filled cartridge mass

c includes the mass of the hydrogen charge and the projectile. :

Fiiled

Cartridge
Shot Mass,

Number (g)

Hydrogen Cartridge

Charge Projectile Injection Projectile Velocity,

Mass, Mass, Velocity, Velocity, Augmentation,

(g) (g) (km/s) (krrds) (krrds)

8-3140 64.7363

8-3141 64.6373

8-3142 64.0809

8-3143 63.9754

8-3144 63.9363

8-3145 63.9284

8-3147 64.3813

1.3394

1.3420

1.3537

1.3342

1.3382

1.3373

113308

0.1529 2.31 2.60 0.29

0.1508 2.63 2.86 0.23

0.1505 2.73 2.73 0

0.1529 2.70 2.82 0.12

0.1502 2.67 2.77 0.10

0.1515 1.75 2.24 0.49

0.1508 1.71 2.11 0.40
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Figure 17. Relationship Of the launch tube extension and injector section before and after

Shot 8-3140. Note the large shear failures in the root of the injector and the

complete closure of the bore of the injector.

conducive to enhancing the flow of hydrogen from the cartridge to the third-stage launch

tube, it does promote the flow of the cartridge fragments away from the bore of the launch
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tube. The injection of cartridge fragments in the flow stream of the hydrogen would result

in reduced performance of the launcher and was to be avoided if possible. Although the

projectile velocity augmentation was minimal, this first test firing showed that the

projectile could be transferred successfully from the cartridge to the third-stage launch

tube and also demonstrated that the launcher system could be easily disassembled after a

fu'ing.

The direction of the injector nose angle was reversed for Shot 8-3141 as shown in

Figure 18. This was the only change in the configuration of the components used for this

test. As shown in Table 4, augmentation of the projectile velocity was slightly less than

was obtained for Shot 8-3141. The witness plate, however, showed considerably more

damage than for Shot 8-3140, with four large holes, three small holes, and seven deep

craters being produced in addition to the hole made by the projectile. The range of the
+
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Figure 18. Relationship of the launch tube extension and injector section before and after

Shot 8-3141. Note the large shear failures in the root of the injector and the

complete closure of the bore of the injector.
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anticipatedprojectilevelocitieswasreducedwhencomputingthe delaysfor the firing of

theflashx-raysfor Shot8-3141. As aresult,two viewsof theprojectilewereobtainedin

theradiographs.Theprojectilewasintactbut slightlyelongated.The radiographsdid not

showanyfragmentstravelingbehindtheprojectile. Evidently,thefragmentswereat least

9 cm behindthe projectile. Again, the projectilewas transferredsuccessfullyfrom the

cartridgeto the third-stagelaunchtube. Changingthe orientationof the apexangledid

not producea noticeableincreasein velocity augmentationof the projectile. It did,

however,producea significantincreasein thenumberof cartridgefragmentsentrainedin

thehydrogenflowing into thethird-stagelaunchtube.

Chokingor anyotherprocessesthatresultin arestrictionof the flow of hydrogen

from the cartridgeto thethird-stagelaunchtubewasa majorconcernfor the successof

this launchertechnique.Thehighestgaspressuresaregeneratedwhentherearendof the

cartridgeapproachesthe end of the injector andit is vital that the flow of gas is not

restricteduntil the end of the cartridgecontactsthe injector. The injector sectionsfor

Shots8-3140and8-3141weresawnopento examinethepost test conditionof the bore

of the injector. Theboresof the injectorswerecompletelyclosedfor thefirst 30 mmand

the first 20 mm for Shots8-3140and 8-3141,respectively. It appearedthat the loads

imposedbythe extrusionof thecartridgewallsproducedalargeinwardradialforce anda

large axial force that combinedto causea shearfailure in the walls of the reduced-

diametersectionof the injector. As aresult of the actionof theseforces,the boreof the

reduced-diametersectionwasclosedand the sectionup rangeof the shearfailure was

driven forward 3 to 4 mm. If this closureof the injector bore occurredearly in the

hydrogencompressionprocess,then the flow of high-pressurehydrogeninto the third-

stagelaunchtubewasseverelyrestrictedor blockedentirely. While not conclusive,the

posttestconditionof the injectorusedfor thesetwo test firings indicatesthat thebore of

the injector could be closedearly in the launchcycle. The outsidediametersof the

extensionsincreasedby 1.8mmand 1.3mm,respectively,evidenceof a significantbuildup

of pressureinsidetheextension.

The shapeof the injectorwaschangedsignificantlyfor Shot8-3142,asshownin

Figure 19, to provide acrosssectionthatwasmoreresistantto beingclosedduringthe
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Figure19. Relationshipof the launchtubeextensionandinjectorsectionbeforeand after
Shot8-3142.

extrusionof the cartridge. In addition,the shapeof the gapbetweenthe injector andthe

extensionwasmodifiedin anattemptto provideanopeningthat would easethe flow of

the extrudingaluminumcartridgeyet maintaina pressuresealandnot allow materialto

build up in thegapbetweenthesecomponents.The noseof the injectorwasa conewith

its apexpointing up range. The half angleof the front cone was 60 degreesout to a

diameterof 27.4mm. The half anglechangedto 30 degreesat that point. This second

conical surfaceextendedto the full body diameterof the injector. The end of the

extensionhada mating30-degreeopeningthat wasmachinedto providea 1.25-mm-wide

by 9.5-mm-longgapbetweenthe injector andthe extension. The clearancebetweenthe

injectorandtheextensionincreasedto 3 mmbeyondtheendof thenarrowergap.

Table 4 showsthat the projectile velocity was not augmentedin Shot 8-3142.

Sectioningof the injector revealedthat the bore was closedfor the first 3 mm, was

reducedto about4 mm in diameterfor the next 10mm, andthengraduallyopenedup to

the full bore diameterof 5.54 mm at a distanceof 30 mm from the nose. Late-time

closureof theendof the injectorwasexpected.Theinsidediameterof therearendof the
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cartridgewasreducedto permit attachmentof thetitaniumendcapandtheimpactof this

portionof thecartridgewouldcausematerialat theendof the injectorto flow inwardlyas

a result of the impact inducedload. The interior surfaceof the conicalopeningin the

extensionexhibited small amountsof erosion and showedevidenceof considerable

"smearing"of the surfacematerial. Tool marksleft in this pieceduring its fabrication

appearedto flow andproducedwhat appearedto be ripple marks. The lack of velocity

augmentationandtheappearanceof theinteriorsurfaceof theextensiontendedto indicate

that high-pressuregasgeneratedduring the extrusionof the cartridgemayhaveescaped

throughthe gap betweenthe injector and the extension. The outsidediameterof the

extensionincreasedby 1.3 mm, againasevidenceof a significantbuildup of pressure

insidethe extension. The openconditionof the bore of the injector indicatedthat the

morerobustinjectornoseshapeshouldbeusedin futuretest firings. Theradiographsof

theprojectileshowedthat theprojectilewastransferredsuccessfullyfor this test andwas

intactandundeformed.

The apparentlossof the high-pressuregasin Shot8-3142resultedin a changein

thenoseshapeof the injectorusedfor Shot8-3143andshownin Figure20. Theshapeof

the front part of the injector was identicalto the one usedfor Shot 8-3142,out to a

diameterof 34 mm. At this point, the conicalsurfaceterminatedandthe materialfrom

thispoint to theoutsidediameterof the injectorwasmachinedperpendicularto thebore

of the injector. The end of the extensionwasmachinedto closely fit over the outside

diameterof the injector,effectivelymakingtheinjector/extensionaclosedchamberexcept

for theopenboreof theinjector. Thecavityin theextensionwasmachinedalittle deeper

to provide appropriatespacefor the collection of the extruded aluminumfrom the

cartridge.

As shownin Table 4, minimalvelocity augmentationoccurredfor Shot 8-3143.

The bore of the injector was almostsealedfor the first 5 mm, had a 2.5-mm-diameter

openingfor the next 10mm,andwasclosedfor thenext 10to 15mm. Theimpactof the

cartridgewalls with the flat end of the injector produceda 10-mm-deep,ring-shaped

craterin the injector. It appearedthatradialforcesgeneratedduringthelater stagesof the

impactcausedtheclosureof theboreof the injector. Theoutsidediameterof injectorand
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Figure20. Relationshipof the launchtubeextensionandinjectorsectionbeforeand after
Shot8-3143.

the extensionincreasedby 4.5 mm and a small sectionof the wall of the extension

separatedfrom thebody of theextension.Theradiographsshowtheprojectileto be intact

butwith asmallpiecemissingfrom theperipheryof therearendof thecylinder.

During the examinationof the sectionedinjectors from Shots 8-3140 through

8-3143,it wasnotedthat theboreof the injectorwascollapsedto thepoint of sealingthe

bore. Chokingor otherprocessesthatproducea restrictionof theflow of hydrogenfrom

the cartridgeto the third-stagelaunchtubewas a major concernfor the successof the

velocity augmentationlaunchertechnique. Consequently,further work on this technique

was directedtoward obtainingan injector sectionwhosebore did not collapseduring

compressionof thehydrogen.

Thefront of the injectorsectionfor shots8-3144,8-3145,and8-3147consistedof

two conicalsurfaces.Thefirst surface,or nose,extendedfrom thebore of the injector to

a diameterof 25.4 mm. The angleof the nosesectionwasvariedfor thesetest firings.

Thesecondconicalsurfaceextendedfrom the 25.4mmdiameterto the full bodydiameter
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of the injector. Thehalf angleof thissecondsurfacewaskeptconstantat 16degrees.In

the remainderof this report, the half angleusedto describethe shapeof a componentis

theanglethesurfacebeingdescribedmakeswith thecenterlineor axisof the component.

Theend of the extensionwasmachinedwith a 14-degreehalf angleopeningto providea

2.1-mm-widegap betweenthe injector andthe extensionat the entranceto the annular

openingbetweenthesecomponents.Theclearancebetweentheinjectorandtheextension

decreasedasthe distancefrom the entranceof the openingincreased.Becauseof the

differencein the half anglesof the surfaces,the area of the opening remained nearly

constant.

The nose of the injector for Shot 8-3144 was a cone with a half angle of 60

degrees with its apex pointing up range, as shown in Figure 21. Although this "reverse"

cone is not conducive to enhancing the flow of hydrogen from the cartridge to the third-

stage launch tube, it does promote the flow Of the cartridge fragments away from the bore

of the launch tube. The injection of cartridge fragments in the flow stream of the

hydrogen results in reduced performance of the launcher and was to be avoided when

possible.
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Figure21. Relationshipof the launchtubeextensionandinjectorsectionbeforeandafter
Shot8-3144.

Velocity augmentationwasminimalfor Shot 8-3144. Sectioningof the injector

revealedthat the bore of the injectorhadcollapsedduring this test firing. The witness

platefor this test containeda smallholeandonesignificantcrater in additionto the hole

madeby the projectile. The radiographsof the projectilein flight showedthat it was

slightlydamagedandthat a portion of the smallgallerythat heldthe projectile wasalso

travellingdownrange.Thesmallholewasprobablymadeby thepieceof the gallery. The

"reverse" cone angle appearedto minimize the amount of cartridge debris that was

injectedinto thethirdstageof the launcher.

Thedirectionof the injectornoseanglewasreversedfor Shot8-3145to providea

conicalsurface(45-degreehalf angle)that hadits apexpointingdown rangeasshownin

Figure 22. Additionally, the injection velocity of the projectile (and cartridge) was

reducedto 1.75km/sto lower the impactforcesandincreasethe chancesof the injector

bore remainingopen. As shownin Table4, the velocityof the projectile was increased

0.49km/sduringthis testfiring. Thewitnessplate,however,showedconsiderablymore
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Figure22. Relationshipof the launchtubeextensionandinjectorsectionbeforeandafter
Shot8-3145.

damage,with numerouscraterssurroundingtheholemadeby the projectile. The craters

wereprobablyformedbytheimpactof smallpiecesof cartridgedebris.

The sectionedinjector from Shot 8-3145,presentedin Figure23, clearlyrevealed

theprobablesequenceof eventsthat took placein theboreof the injectorduring this and

theprevioustest firings of the launcher. In Figure23, the projectileenteredthe injector

from thetop of thepage. Thesectionshowsa shearfailureon theleft sideof the injector

that extendsfrom the intersectionof the two conicalsurfacesto the boreof the injector.

This shearfailure wasobservedin the sectionsof the other injectorsand,althoughnot

shownclearlyinFigure23,wasonbothsideof theinjectorsection.Thehalfangleof this
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Figure23. View of the interiorof the injectorsectionusedfor Shot8-3145.

shearfailure is at anangleof about60 degrees,with the apexof theconepointingto the

muzzleof the launcher. The failure surfaceappearsto extendmost or all of the way

aroundthe injectorandintersectsits boreat a distanceof about2 cmfrom theentranceof

the injector. After its formation,thisconicalsectionof failedmaterialwasdriveninto the

conicalseat left on the downrangesideof the failure surface,effectivelycollapsingthe

boreof the failed sectionto a diameterof 1.5 mm from the original 5.54 mm. A small

piece(-2 mm in diameter)of thetitaniumendcapusedwith the cartridgewas trappedin

theneckeddownregionof thefailedsection.

Closeexaminationof the injectorsectionshowedthat athick coatingof aluminum

wasdepositedon the boreof the injector for a distanceof at least5 cm from the original

openingof the injector. Thiscoatingwasdepositedon the boreof the injectorbefore the

shear failure occurred. The coating extends to the intersection of the failed material and

the bore of the injector on one side of the bore and is covered and trapped between these

two materials on the other side of the section. If the coating were deposited after the

failure, it would not be evident in either place. It is probable, therefore, that the aluminum

was deposited immediately after the impact of the front of the cartridge. Next, the front

section of the injector failed and the bore of the injector collapsed as the section was

driven forward by impact forces and the increasing pressure of the hydrogen. Since the

titanium end cap was the last portion of the cartridge to contact the injector, the small

piece of titanium caught in the bore restriction in the failed section had to arrive after the

collapse of this section. The results of this test clearly showed that significant mechanical

choking of the bore of the injector had occurred during the flow of hydrogen from the

cartridge to the bore of the launcher.

In the last test firing using a compressed gas cartridge, Shot 8-3147, the injector

had the same shape as for Shot 8-3145, except that a 3-mm-thick layer of Nylon was inlaid

in the 45-degree cone at the front of the injector as shown in Figure 24. The Nylon insert

was installed for two reasons. In the six test firings just described, the hypervelocity

impact of the cartridge with the injector produced a strong shock in the injector and in the
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hydrogen.Theinitial directionof flow of the hydrogen behind this strong shock could be

opposite the direction of motion of the cartridge and projectile. The

Figure 24. Relationship of the launch tube extension and injector section before and after
Shot 8-3147.

reflection of the strong shock in the hydrogen from the titanium end cap would reverse the

direction of flow of the gas, but the initial reversal of flow occurs at a time when the flow

of hydrogen into the launcher should be the highest. Impact of the aluminum cartridge

with the Nylon insert would reduce the magnitude of the impact loads at the front of the

injector and could reduce the likelihood of a shear failure of the injector. In addition, the

significantly weaker shock formed in the hydrogen after the impact of the aluminum

cartridge with the Nylon insert should promote the initial flow of hydrogen from the

cartridge to the third stage of the launcher. Table 4 shows that the projectile velocity

augmentation was reduced from that obtained for Shot 8-3145. The cross section of the

injector revealed that the bore of the injector did remain open. However, a slight

restriction occurred about 1.8 cm from the original opening of the injector. The witness

plate for this test was severely damaged by the impact of debris, presumably from the

Nylon insert. Use of the Nylon insert severely contaminated the flow of the hydrogen into
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thethird stageof the launcher,further limitinganychancefor thetechniqueto producethe

desiredresults.

Shot8-3147was thelast test firing usinga cartridgein anattemptto augmentthe

velocity of a projectile andachievean impact velocity of 10 km/s. Shot 8-3145clearly

demonstratedthat mechanicalchokingof theflow of hydrogeninto the third stageof the

launcheroccurredduring the fn'ing cycle. In addition, the transient conditions that

develop during the flow of hydrogen from the cartridge to the launcher may, of

themselves,result in chokingof the flow of gas. Finally,further work on the technique

would requirean injectormadeof a materialthat could resistdeformationresultingfrom

impactloadsgeneratedduringtheimpactof thecartridgewith the injector.
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SECTION V. McGILL UNIVERSITY THREE-STAGE

LAUNCHER TECHNIQUE

The Space Research Institute at McGill University performed several series of

bumper shield studies [1] under contract to NASA Lewis during the period from 1964 to

1966. They developed and used a three-stage, light-gas gun to launch 12.7-mm-diameter

Lexan disks to impact velocities of 10.5 km/s. However, their work is relatively unknown,

and little was published that described their gun and its operation. To date, the only

documentation found for this launcher is a brief description consisting of 3-1/2 pages of

double-spaced text, two photographs, and three figures that was published in the final

report describing the results of their work.

The design of the components used for the three-stage launcher described in

Section IV can be readily adapted for use as a "conventional" three-stage, light-gas gun as

shown in Figure 25. The configuration of the second-stage launch tube extension and the

injector were adapted for use as the "high-pressure section" of a three-stage, light-gas gun.

Figure 25. Illustration of the adaptation of the launch tube extension and injector section

for use with the McGill University style launcher. The relationship of these

two components is shown before and after Shot 8-3146.
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Themodifiedextensionandinjectorwereusedfor Shot8-3146. In this test firing, a5.54-

mm-diameter,5.54-mm-longNylon cylinderwith a nominalmassof 0.153g wasusedas

the projectile. A high-densitypolyethylenepiston with a massof 63 g was used to

compressa chargeof hydrogeninstalledin the second-stagelaunchtube. A projectile

velocityof 7.21 km/swasachievedeventhoughthejoint betweenthe extensionandthe

injectorleakedbadlyduringthefiring.

The fact that the McGill University launcher was capableof acceleratinga

projectileof known shapeandmassto 10.5km/s isproof that athree-stage,light-gasgun

is capableof achievingvelocitiesof interest. In this section,a brief descriptionof the

hardwareusedin the fabricationof thethird stageof the modifiedthree-stagelauncheris

given. Next, the resultsof Shot 8-3146andthe five test firings that wereperformedto

evaluatethe performanceof the McGill University style three-stage,light-gasgun are

presented.

A. Description of Hardware

The three-stage launcher system shown in Figure 10 was modified for use as a

three-stage, light-gas gun using the same principles employed in the McGill University

three-stage, light-gas gun. The modified three-stage launcher assembly is shown in Figure

26. In the modified design, old parts numbered 4, 6, 7, 8, 9, and 10 in Figure 10 were

replaced with new parts numbered 4, 6, 7, 8, and 9 in Figure 26. Part number 5 was

modified for use with the new design and part number 10 was not used in the new design.

The new design also used fewer fasteners and was simpler to assemble. In the new design,

a one-piece high-pressure section was used in place of the modified extension and injector

that were used for Shot 8-3146. The high-pressure section had a small cavity that was

used for the installation of a metal burst disk.

The instrumentation used during the test firings described in Section IV was also

used during the test firings of the three-stage, light-gas gun. In addition to this

instrumentation, three pressure transducers were installed 65.0, 34.5, and 9.1 cm from the

muzzle of the third stage launch tube. Loading of the three-stage, light gas gun began

with the installation and alignment of the aluminum sheet used as the target and witness
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plate in the tests. The location of the shot line axis was marked on the target using a bore

scope that viewed the target through the bores of the launcher. After the test firing, the

location of the impact was determined with respect to the nominal location of the

previously marked aim point. The projectile was installed in the breech end of the third-

stage launch tube, a burst disk was installed in the burst disk insert, the high-pressure

section was lifted into place, the third-stage of the launcher was_ assembled, and the bolts

tightened. Assembly of the rest of the two-stage, light-gas gun proceeded in the normal

fashion. After the assembly was complete, the second-stage launch tube was evacuated

and hydrogen was introduced into the launch tube. Access to the interior of the second-

stage launch tube was gained through the port that was installed near the muzzle of the

30-ram launch tube for use in venting hydrogen that may have been trapped in the launch

tube after a test fn'ing of the three-stage launcher.

B. Results of Test Firings

The results of six test fu'ings of the three-stage, light-gas gun are presented in

Table 5. This table includes the results of Shot 8-3146. This test firing was made using

the "two piece" high-pressure section that was an adaptation of the launch tube extension

and injector used in the test series described in Section IV. This adapted design did not

use a burst disk. Instead the projectile was press fit into the third-stage launch tube in

order to form a seal during evacuation and pressurization of the second-stage of the

launcher and to resist premature movement of the projectile due to the forces applied to it

by the hydrogen charge in the second stage. The third-stage "burst disk" pressure shown

for Shot 8-3146 in Table 5 was determined by measuring the break away force required to

initiate movement of a Nylon cylinder in a simulated section of the third-stage launch tube.

The projectile used for Shot 8-3146 was the same size and diameter as the Nylon cylinders

used in the force measurements. The measured projectile velocity for Shot 8-3146 was

7.21 kin/s, even though the joint between the extension and the injector leaked badly

during the firing.
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Shot 8-3148wasduplicateof Shot 8-3146with the following exceptions: (1) a

one-piecehigh-pressuresectionwasusedand(2) a metalburstdisk wasusedto control

the
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TABLE 5

RESULTS OF TEST FIRINGS OF THREE-STAGE LAUNCHER

(McGILL UNIVERSITY TECHNIQUE)

Piston velocities shown in italics are best estimates of the velocity. The projectile mass shown in

italics is an estimated value based on identical projectiles used in earlier test firings. The downward

pointing arrow shown with two second stage hydrogen pressures indicates there was a very slight

leak in the system and that the pressure at the time the gun was fired could have been slightly

lower. The third-stage burst disk pressure shown in quotation marks is a computation of the

pressure that would be required to overcome the press fit of the projectile in the gun.

Shot Number

Feature 8-3146 8-3148 8-3149 8-3150 8-3151 8-3152

Second Stage 62.9327 62.4306 63.5255 41.4428 41.6784 40.9789
Piston Mass, g

Third Stage
0.153 0.1545 0.1061

Projectile Mass, g

First Stage Hydrogen 3.96 3.96 3.96

Pressure, MPa (psia) (575) (575) (575)

Second Stage Hydrogen 0.69.1. 0.69 0.69

Pressure, MPa (psia) (100.1.) (100) (100)

Third Stage Burst Disk "12.06" 26.19 28.26

Pressure, MPa (psia) ("1,750") (3,800) (4,100)

Pressure (LT6A) behind 16.09 16.52 15.74

Piston, MPa (psi) (2,334) (2,397) (2,283)

Pressure (LT7) behind 14.45 16.21 16.54

Piston, MPa (psi) (2,097) (2,352) (2,400)

Measured Piston 2,419 2,193 1,772

Velocity, m/s (fps) (7, 936) (7,194) (5,814)

Velocity of Shock in 1,762 1,638 1,847

Hydrogen, m/s (fps) (5,780) (5,376) (6,060)

Projectile at Laser-PD
0 -1 0

Station 1,/.ts

Duration of Leak at
1 16 7

Laser-PD Station 1,/.ts

Third Stage Projectile

Velocity, km/s 7.21 7.15 8.31

0.1079 0.1061 0.1155

3.10 3.10 3.10

(450) (450) (450)

0.69.1. 0.52 0.69

(1005) (75) (100)

24.13 41.4 128.2.1

(3,500) (6,000) (18,600)

10.59 10.73 11.30

(1,536) (1,556) (1,639)

10.70 10.95 12.03

(1,552) (1,588) (1,745)

1,881 1,793 1,847

(6,173) (5,882) (6,060)

2,059 2,059 2,005

(6,757) (6,757) (6,579)

-1 2 0

17 25 6

8.45 7.15 8.65
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releaseof the hydrogen. The measuredvelocity for Shot 8-3148 was7.15 km/s, not

appreciablydifferent thanthe velocityof 7.21km/sobtainedfor Shot 8-3146. Evidently

the large leak in the two-piecehigh-pressuresectionhad tittle effect on the projectile

velocityfor Shot8-3146.

The loading conditions (i.e., projectile mass, second-stagepiston mass and

velocity, hydrogenchargepressure,etc.) were kept the samefor Shots8-3146 and 8-

3148. The projectilemasswas reducedfor Shot 8-3149 from 0.15 g to 0.11 g. The

measuredvelocity for Shot 8-3149was8.31km/s, a resultthat wasnot surprisinggiven

thereductionin themassof theprojectile.

During the posttestexaminationof the high-pressuresectionafter Shots 8'3148

and8-3149,somepermanentdeformationof the outsidediameterof the forward part of

the high-pressuresectionwasrecorded. An evengreaterenlargementof the bore of the

throatareaof thehigh-pressuresectionwasmeasured.Theresultof thesemeasurements,

takenwith the fact that Shot 8-3146achieveda high velocity in spiteof a large leak,

indicatedthat moreenergywasavailablethancould beeffectivelyusedto acceleratethe

projectile. Theexcessenergywasgoingintopermanentlydeformingrangecomponents.

The massof thesecond-stagepistonwasreducedby 35percentandthefirst-stage

hydrogenchargepressurewas reducedby 22 percentfor the last threetest firings of the

three-stage,light-gasgun. Thesechangesdid not significantlyaffect the velocity of the

second-stagepistonthat wasmeasuredusingthe 30-mmlaunchtubepressuretransducers,

LT6A andLT7, for Shots8-3150,8-3151,and8-3152. The peakbasepressuredriving

thesecond-stagepistonwasreducedsignificantly,however,for thesethreetest firingsand

the extentand amountof permanentdeformationof the high-pressuresectiondecreased

dramatically. The second-stagehydrogenpressureandthe third-stageburst disk release

pressurewerevariedfor the lastthreetestfiringsof thethree-stage,tight-gasgun.

The secondstagehydrogenchargepressureand third-stageburst disk release

pressureusedfor Shot8-3150werethe sameaswereusedfor Shot8-3149,or 0.69MPa

(100 psi) and 24.13 MPa (3,500psi), respectively. The projectile velocity obtainedfor

Shot8-3150was8.45km/s,or 0.14km/shigherthanthe projectilevelocity obtainedfor
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Shot 8-3149. Clearly, the use of the lighter fn'st-stagepiston and reducedhydrogen

pressuredid not affect the performanceof the launcher. They did, however,reducethe

abuseof the high-pressuresection. The secondstagehydrogenchargepressurewas

reducedto 0.52MPa(75psi) for Shot8-3151.Thethird-stageburstdisk releasepressure

usedfor Shot8-3151was41.4MPa(6,000psi) or slightlyabovethereleasepressureused

for Shot8-3150. Theprojectilevelocityfor Shot8-3151was7.15 km/s,well below the

velocityof 8.45km/sobtainedfor Shot8-3150.

An examinationof the recordeddata takenfrom the laser-photodetectorsystems

for the earlier test firings, and usedto determinethe projectile velocity was performed

afterShot8-3151. Thisexaminationindicatedthat thereductionin projectilevelocitythat

wasobservedfor Shot8-3151mayhavebeentheresultof a leakageof the high-pressure

hydrogenaroundtheprojectileandnot aresultof thechangein loadingconditionsfor this

test. The output signalof the laser-photodetectorsystemthat was installed-1.5 cm

downrangeof themuzzleof thethird stagelaunchtube(at Station1,thefirst systemto be

interruptedby the projectile)did not displaythe "clean"drop in the output voltagethat

wascharacteristicof the signalsobtainedfrom the last threelaser-photodetectorsystems

that were encounteredas the projectile moveddownrange. The slow drop in voltage

indicatedthat the laserbeaminterruptionoccurredover a periodof time. The natureof

theslowly decreasingvoltagesignalindicatedthat the pathof the laserbeammighthave

actuallybeen deflectedaway from the photodetector,probably by hydrogenthat had

leaked around the projectile and was escapingdown the launch tube aheadof the

projectile.

Becausethe laser-photodetectorbeaminterruptionwere sharpand clear for the

threedownrangelaser-photodetectorsystems,the velocitiesof the projectilefor the six

test firings shownin Table 5 were known within the measurementerror of the system.

Themeasuredvelocitieswereusedto determinethetimewhentheprojectilesshouldbe in

a position to interruptthe laserbeamat Station1. This time is shown,in the recording

systemtime scale,for all sixof thetest firings. As shownin Table5 this timewaszerofor

threeof thetests,a negative1laSfor two of thetestsandapositive2 gs for onetest. The

differencein thetimethesignalfor Station1beganto drop andthecomputedtimefor the
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arrivalof theprojectileat Station 1 wasdeterminedto be the durationof the leak of the

hydrogeiagasaroundtheprojectile. Thevelocitiesof theprojectilesfor Shots8-3150,8-

3151,and8-3152,areshowninTable5, to decreaseasthe durationof the leak increases.

It is likely, therefore,that the decreasesin velocityshownfor thesetest firings is morea

result of the leakof thedrivinggasandtheslight increasein the "mass"of the projectile,

dueto theaccumulationof thisgasin front of theprojectile.

The load transferring and the third stagelaunchtube collar (Parts9 and 13 in

Figure26)weredifficult to moveafter Shot8-3150andcouldnot bemovedafter Shot8-

3151. Consequently,thebore of thethird stagelaunchtubewascarefullyinspectedafter

Shot8-3151in anattemptto determinethecauseof the hydrogenleakwhile theprojectile

wasbeingaccelerated.The inspectionrevealedthat permanentswellingand/orerosionof

theborehadoccurredandthattheborewasoversizeat thebreechandgraduallyreturned

to its originaldiameterafter a distance50 cm. Obviously,theprojectileswere undersize

duringthe fn'stpart of their traveldownthe launchtubeanda leak of propellinggaswas
\

almost a certainty. _,_,_

The projectile used for Shot 8-3152 was machined oversize to be a press fit in the

breech end of the tapered bore of the launch tube. A groove was machined around the

periphery of the projectile to form a small land at either end of the projectile. The lands

compressed to accommodate the decrease in bore size during the launch of the projectile.

In addition, the third-stage burst disk pressure was increased to 128.21 MPa (18,600 psi)

for this test t-wing. The duration of the leak was decreased significantly and a projectile
i,i

velocity of 8.65 krrgs was obtained. The increase in the performance of the launcher for

this test firing was believed to be due to the reduction in the size of the leak and not the

increase in the burst disk pressure, The firing of Shot 8-3152 concluded work with the

three-stage launcher. If the results of these six tests were plotted on Figure 1, they would

lie above the curves shown in the figure. However, as was noted in the description of

their results, these test firings produced considerable deformation of the gun components.

Analysis of the test results and quantitative data obtained during the test firings strongly

suggest a route to be followed during future test firings of this launcher.
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The threepressuretransducersinstalledin the third-stagelaunchtubeproduced

pressure-timehistorieswhosestructureswerequalitativelydifferent thanthoseproduced

by thepressuretransducersmountedin thesecond-stagelaunchtube. In thesecond-stage

launchtube,thepressureincreasedsuddenlyto thebasedrivingpressureafterthepressure

transducerport wasuncoveredby thepassageof the projectile. The pressurebehindthe

projectile in the third-stagelauncherrose slowly. The considerabledifferencein the

structureof thesepressure-timehistoriesmayindicatethatthe pressuretransducersin the

third-stagelaunchtube sensedthe staticpressureof a significantlythick boundarylayer

that developedalongthe wall of the launchtubebecauseof the formationof a systemof

obliqueshocksin thehydrogen.

The pressure-timehistoriesobtainedfrom pressuretransducersLT6A and LT7

clearly show the developmentof a strong shock in the hydrogenin the second-stage

launchtube. Thevelocityof the shockis presentedin Table5 for eachof thetest firings.
i

The possible formation of very weak shocks is occasionally observed in the pressure

transducers that were installed in the high-pressure section end _f the fn'st-stage or pump

tube of the two-stage gun. Strong shocks are not generated in the first-stage hydrogen

because the velocity of the powder-driven piston is relatively low [ 15]. The formation of

the strong shocks in the second-stage hydrogen is facilitated by the higher velocity of the

second stage-piston. In the test firings presented in Table 5, the velocity of the second

stage piston was held constant while the second-stage piston mass, projectile mass,

second-stage hydrogen charge pressure, and the third-stage burst disk pressure were

varied systematically to determine the set of conditions that produced the highest

projectile velocity with the least deformation or damage to the gun components.

Increasing the velocity of the second stage piston would increase the velocity of the shock

in the second-stage hydrogen. The brief description given in the McGill report [1] implies

that the projectile is suddenly accelerated by the reflection of a very strong shock from the

rear of the projectile. Multiple shock reflections in the hydrogen subsequently greatly

increase the pressure behind the projectile and continue to accelerate it. The use of the

burst disk in the test firings described in this report may have impaired the operation of the

launcher.
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The next seriesof test firings shouldemploythe following changesto the three-

stagelauncher.First, thebore of the third-stagelaunchtubeshouldbe increased.UDRI

has an 8-mm-bore-diameterby 1.93-m long launchtube that could be used with the

revisedlauncher. Sinceboundarylayerthicknessis a functionof the shockstrengthand

gasvelocity,thentheuseof a largerborethird-stagelaunchtubewould reducethe effects

of theboundarylayeron therestrictionof theflow of hydrogeninto thethird-stagelaunch

tube. Second,theuseof the largerborelaunchtubewill requirethefabricationof a new

high-pressuresection. The new high-pressuresectionwould bedesignedfor usewithout

the burst disk insert. Finally, a lighter second-stagepiston would be fired at higher

velocitiesthan was used in the previous firings. Pressuretransducersinstalled in the

second-stagelaunchtube would continueto provide relevant informationregardingthe

passageof the incidentand reflectedshocksin the second-stagelaunch tube and the

measuredperformance of the launcher would guide further variation of loading

parameters. The fact that the McGill University launcherwas capableof accelerating

projectilesto a velocityof 10.5km/s is proof that the launcheris capableof accelerating

projectilesto meaningfulvelocitieswhen the appropriateset of loading conditionsare

determined.
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SECTION VI. SUMMARY AND RECOMMENDATIONS

This report describes and presents the results of work that was done in an attempt

to develop an augmented acceleration technique that would launch small projectiles of

known shape, mass, and state to velocities of 10 km/s and higher. The higher velocities

were to be achieved by adding a third stage to a conventional two-stage, light-gas gun and

using a modified firing cycle for the third stage. Small cartridges (30-mm diameter by 93-

mm long) capable of containing hydrogen gas at a pressure of 41 MPa (6,000 psi) were

designed and successfully launched to a velocity of 2.70 krrgs. Test firings of the launcher

also demonstrated that small Nylon projectiles carried in a delicate gallery at the front of

the cartridge could be dynamically inserted into the third stage of the launcher.

Ultimately, however, the technique did not achieve the desired results and was modified

for use during the development program. The maximum velocity augmentation increased

the velocity of a 0.153-g Nylon cylindrical projectile from 1.75 km/s to 2.24 krn/s, or an

increase of 0.49 krrgs. The design of the components used for the augmented-

acceleration, three-stage launcher were easily adapted for use as a three-stage launcher

that used a single-stage acceleration cycle and the remainder of the contract period was

spent performing test firings using the modified three-stage launcher.

Work with the modified three-stage launcher, although not complete, did produce

test fn'ings in which an 0.1 l-g, cylindrical Nylon projectile was launched to a velocity of

8.65 krn/s. This modified launcher cycle was identical, in principle, to the launcher and

fn'ing cycle used for the three-stage gun developed by the Space Research Institute at

McGill University and used from 1964 to 1966. A brief description, consisting of 3-1/2

pages of double-spaced text, two photographs, and three figures was included in the final

report describing shield studies at McGill University and appears to be the only published

documentation of this launcher.

The analysis of the data obtained from the launcher test firings indicates that the

performance of the launcher would be improved by increasing the velocity of the second

stage piston to produce a very strong shock in the second-stage hydrogen. On the basis of

this analysis, recommendations for additional work with the three-stage launcher were
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presentedin SectionV. Theyincluded: (1) increasingtheborediameterandthelengthof

thethird Stageof the launcherto 8 mm and 1.93mm long; (2) usinga new high-pressure

sectionthat wasnot fitted for usewith aburstdisk;and(3) usinga lighterpistonfn'edat a

highervelocity. Performanceof thenewerlauncherwouldcontinueto bemonitoredusing

theinstrumentationusedin theearliertestfuings.

66



.

*

.

*

,

,

.

.

.

10.

11.

REFERENCES

Friend, W.H., C.L. Murphy, and I. Shanfield, "Review of Meteoroid-Bumper

Interaction Studies at McGill University," NASA-CR-54857, August 1966.

Chhabildas, L.C., L.M. Barker, J.R. Asay, T.G. Trucano,. G.I. Kerley, and J.E. Dunn,

"Launch Capabilities to Over 10 km/s," Shock Compression of Condensed Matter-

1991, (Schmidt et al., Eds.), Elsevier Science Publishers, pp. 1025-1031, 1992.

Chhabildas, L.C., L.M. Kmetyk, W.D. Reinhart, and C.A. Hall, "Enhanced

Hypervelocity Launcher - Capabilities to 16 km/s," International Journal of Impact

Engineering 17, pp. 183-194, 1995.

Walker, J.D., D.J. Grosch, and S.A. Mullin, "A Hypervelocity Fragment Launcher

Based on an Inhibited Shaped Charge," International Journal of Impact Engineering

14, pp. 763-774, 1993

Geille, A., "Status of Development of Space-Debris Hypervelocity Explosive Multi-

Stage Launcher," International Journal of Impact Engineering 20, pp. 271-279,
1997.

Osher, J.E., H.H. Chau, G.R. Gathers, R.S. Lee, and R.C. Wingate, "Application of a

100-kV Electric Gun for Hypervelocity Impact Studies," International Journal of

Impact Engineering 5, pp. 501-507, 1987.

Iglseder, H., and E. Igenbergs, "Crater Morphology at Impact Velocities Between 8

and 17 krn/s," International Journal of Impact Engineering 10, pp. 271-280, 1990.

Keaton, P.W., G.C. Idzorek, L.J. Rowton, J.D. Seagrave, G.L. Stradling, S.D.

Bergeson, M.T. Collopy, H.L. Curling, Jr., D.B. McColl, and J.D. Smith, "A

Hypervelocity-Microparticle-Impacts Laboratory with 100 km/s Projectiles,"

International Journal of Impact Engineering 10, pp. 295-308, 1990.

Kottenstette, J.P., and W.G. Howell, "Traveling Reservoir Light-Gas Gun and

Analysis of a Third Stage Accelerator for a Light Gas Gun," Proceedings of Seventh

Hypervelocity Impact Symposium, pp. 45-60, February 1965.

Asay, J.R., T.G. Trucano, and R.S. Hawke, "The Use of Hypervelocity Launchers to

Explore Previously Inaccessible States of Matter," International Journal of Impact

Engineering 10, pp. 51-66, 1990.

Drobyshevski, E.M., B.G. Zhukov, V.A. Sakharov, A.M. Studenkov, and R.O.

Kurakin, "Head-on Collision Opens 15-20 km/s Opportunities," International

Journal of Impact Engineering 17, pp. 285-290, 1995.

67



12.

15.

REFERENCES

(Concluded)

Young Jr., R.P., J.R. Blanks, and M.E. Smith, "Demonstration of the Counter-Fire

Test Technique for Impact Velocities Between 7 and 14 km/s," AEDC-TR-95-13,

December 1995.

ASME Unfired Pressure Vessel Code, Section VIII, 1959 Edition.

Waiters, R.J. and W.T. Chandler, "Effects of High-Pressure Hydrogen on Metals at

Ambient Temperature," R-7780-1, Final Report, Contract NAS8-19, Rocketdyne

Research Division, Canoga Park, CA, February 1969.

Charters, A.C., "Development of the High-Velocity Gas-Dynamics Gun,"

International Journal of Impact Engineering 5, pp. 181-203, 1987.

:i

68



REPORT DOCUMENTATION PAGE FormApproved
OMB No. 0704-0188

Publicreportingburdenfor thiscollectionofinformationis estimatedto average 1 hourperresponse, includingthe timefor reviewinginstructions,searchingexistingdatasources,
gathedngandmaintainingthe data needed, and completingand reviewingthe collectionof information.Sendcommentsregardingthisburdenestimateor anyother aspectofthis
collectionof information,includingsuggestionsfor reducingthisburden,to WashingtonHeadquaders Services,Directoratefor informationOperationand Reports,1215 Jefferson
Davis Highway,Suite 1204, Arlington,VA 22202-4302, andto the Office of Managementand Budget,PaperworkReductionPrc ect (0704-0188), Washington,DC 20503

1. AGENCY USE ONLY (Leave Blank) 2. REPORT DATE

May 2001

4. TITLE AND SUBTITLE

A New Technique for Achieving Impact Velocities
Greater Than 10 km/sec

6. AUTHORS

A.J. Piekutowski

7. PERFORMING ORGANIZATION NAMES(S) AND ADDRESS(ES)

University of Dayton Research Institute

300 College Park Avenue

Dayton, OH 45469-0182

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES)

George C. Marshall Space Flight Center

Marshall Space Flight Center, AL 35812

3. REPORT' TYPE AND DATES COVERED

Contractor Report (Final)
5. FUNDING NUMBERS

NAS8-98216

8. PERFORMING ORGANIZATION

REPORT NUMBER

M-1016

10. SPONSORING/MONITORING

AGENCY REPORTNUMBER

NASA/CR--200 I-210990

11. SUPPLEMENTARY NOTES

Prepared for NASA's Space Environments and Effects (SEE) Program

Technical Monitor: Angle Nolen
12a.' DISTRIBUTION/AVAILABILITY STATEMENT

Unclassified-Unlimited

Subject Category 88
Standard Distribution

12b, DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)

This Contractor Report describes and presents the results of work that was done in an attempt to develop an

augmented acceleration technique that would launch small projectiles of known shape, mass, and state to

velocities of 10 km/sec and higher. The higher velocities were to be achieved by adding a third stage to a

conventional two-stage, light-gas gun and using a modified firing cycle for the third stage. The technique

did not achieve the desired results and was modified for use during the development program. Since the

design of the components used for the augmented-acceleration, three-stage launcher could be readily

adapted for use as a three-stage launcher that used a single-stage acceleration cycle; the remainder of the
contract period was spent performing test firings using the modified three-stage launcher. Work with the

modified three-stage launcher, although not complete, did produce test firings in which an 0.11-g

cylindrical nylon projectile was launched to a velocity of 8.65 km/sec.

14. SUBJECT'TERMS

hypervelocity launchers; two-stage, light-gas guns; three-stage, light-gas
guns; high-pressure hydrogen; augmented acceleration

17. SECURITY CLASSIFICATION

OF REPORT

Unclassified
NSN 7540-01-280-5500

18. SECURITY CLASSIFICATION

OF THIS PAGE

Unclassified

19. SECURITY CLASSIFICATION

OF ABSTRACT

Unclassified

115.NUMBER OF PAGES

78
I6. PRICE CODE

20. LIMITATION OF ABSTRACT

Unlimited

Standard Form 298 (Rev. 2-89)
PrescribedbyANSIStd.239-18
298-102



National Aeronautics and

Space Administration
AD33

George C. Marshall Space Flight Center

Marshall Space Flight Center, Alabama
35812


